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ABSTRACT
The research in this dissertation focuses on the synthesis of size-controlled metal oxide
nanoclusters (< 10 nm) on amorphous silica and their catalytic performance in thermal
degradation of chlorinated benzenes with regard to the cluster size effect. Furthermore, with the
concern that metal can condense as the nano-size nuclei core for particle growth in combustion
process, a flow reactor was built to investigate the effect of metal oxide nanoparticles on the
formation of soot in fuel-rich combustion.
The synthesis of copper oxide nanoclusters was carried by calcination of silica
impregnated with dendrimer-metal complexes.

The 4th generation poly(propylene imine)

dendrimer DAB-Am32 was used in this template-based method. The sizes of copper oxide
nanoclusters were exquisitely controlled in the range of 1-5 nm with narrow size distribution by
changing the stoichiometric ratio of metal ion to the terminal primary amines of dendrimer, the
equivalent metal oxide loading on surface, and the impregnation procedure. XANES and XPS
studies revealed that CuO was the dominant component of copper oxide nanoclusters. This
method was also experimentally proven to be valid in the preparation of other metal oxide
nanoparticles, e.g., Ni and Fe, and with other oxide substrates, e.g., titanium oxide.
Chlorinated benzenes were selected as the model compound for studying the activity of
metal (Cu and Fe) oxide catalysts with regard to their cluster sizes. Compared to the surrogate of
coarse metal oxide samples, which was prepared by incipient wetness method, their nanosize
analogues showed superior catalytic activity on the conversion of chlorinated benzenes under
both pyrolytic and oxidative thermal condition. Furthermore, such catalytic size effect was also
observed on the selectivity of products yields.

x

Sooting combustion was performed using a two-zone flow reactor with precise control on
experimental parameters. Gas suspended metal oxide nanoparticles were generated by burning
off the organic backbone of the dendrimer-metal complexes in zone 1 and immediately
transferred to zone 2, where the hydrocarbon combustion occurred.

TEM results of the

particulate sample collected at the outlet of reactor indicated that metal oxide nanoparticles
promoted soot formation. GC/MS analysis of the extracted organic materials from soot samples
suggested the formation of PAH was also promoted by metal addition as well.

xi

CHAPTER I: INTRODUCTION
Nanoscale particulate material is a unique substance largely due to their size and
properties effectively bridging bulk materials and atomic or molecular structures. With the
increasing ability to synthesis and characterize nanoparticles in past decades, more and more
scientific and industrial attention has been attracted onto this material because of their greatly
potential use in different areas.1-4 One of the most important applications of metal or metal oxide
nanoparticles is catalysis, as the particle size affects not only the reactive activity but also the
selectivity of catalysts.5-9 The appearance of metal oxide nanoparticles in pollutant emission
from combustion also raised the concern of their roles in pollutant formation and potential
impact to human health.10-13 However, there is only limited data regarding the nano size effects
in these environmental impacts, mostly due to the non-uniform, complex composition of
combustion-generated nanoparticles. Furthermore, soot formation has been intensively studied
for decades because this type of particulate matter was believed to be the most important
environmental sources of PAH.14 Although some correlation of metal oxide particles and soot
formation has been observed,15-16 there is no direct experimental studies being reported using
metal oxide nanoparticles directly for studying the effect of metal on soot formation. With these
concerns, reproducible synthesis of nanoparticles with precise control over size and composition
is desirable to conduct both above addressed catalysis and environmental studies.
1.1

Occurrence, Application and Risk of Nanoparticles
“Nano” is a prefix in the International System of Units (SI) denoting a factor of 10-9. 1

nanometer (nm) is an extremely small length which is measured to about one 50,000th of the
diameter of human hair. Although there is no exact definition of nanoparticles, this type of
material is generally referred to as the aggregation of atoms bridging the spectrum between small
molecules clusters of a few atoms with dimensions as small as 0.2 to 1 nm to chunks of solid
1

material containing millions of atoms with properties of macroscopic bulk materials.17 In many
cases,10, 18-21 nanoparticles are defined as having an aerodynamic diameter smaller than 100 nm,
or 10-20 nm in a narrower sense, where the physical properties or reactivity of these materials
show difference from their bulk forms. For example, electrical properties such as ferroelectric
and dielectric properties have been considered to be intrinsic, independent to the size of the
materials. However, when the dimension of the particles decreases to less than several tens of
nanometers, it was found that these physical properties of the materials became size-dependent.22
Particles in the nanometer regime have existed naturally on the earth for millions of
years. They can be found as suspended particles in the air, in rivers or lakes, in the soil, in
volcano ash, and even in our bodies. Anthropocentric activities also produce nanoparticles. Soot
for instance, a product of the incomplete combustion of fossil or vegetation, may be the earliest
nanometer size materials produced by mankind thousands of years ago. The making and use of
nanoparticles can be traced as far back as 9th century from the analytical results of historical art
pieces, in which nanoparticles were used for generating a glitter effect on the surface of pots 23.
This unique substance has been always considered as an invention of modern science because its
use in large scale applications only emerged from late the 20th century.3 Major routes for making
nanoscale particulate materials are summarized as liquid-phase synthesis and gas-phase synthesis
with detailed approaches listed in Table 1.1.

Although the manufacturing techniques of

nanoparticles have been developed and improved in the past decade, there are still some
challenges presented in its syntheses, including size and shape control, means to achieve
monodispersity, reproducibility, scale up, and building complex nanostructures.
Today, nanoparticle research including synthesis, characterization and potential
applications has become intense areas of scientific research. This largely due to their potential

2

Table 1.1 Summaries of nanoparticles synthesis techniques
Category

Liquid-phase
Synthesis

Detailed Technique
•
•
•
•
•
•
•
•

Sol-gel processing 24
Microemulsions 25
Microwave synthesis 26
Template synthesis 27
Biometic synthesis 28
Coprecipitation 29
Sonochemical method 30
Hydrothermal/solvothermal synthesis 31

Methods using solid precursors
•
•
•
•
Gas-phase
Synthesis

Ion Sputtering 32
Pulsed Laser Ablation 33
Spark Discharge Generation 34
Inert Gas Condensation 35

Methods using liquid or vapor precursors
•
•
•
•
•
•
•

Chemical Vapor Synthesis 36
Spray Pyrolysis 37
Laser Pyrolysis/ Photochemical Synthesis 38
Thermal Plasma Synthesis 39
Flame Synthesis 39
Flame Spray Pyrolysis 40
Low-Temperature Reactive Synthesis 41

applications in areas, such as catalytic,6-7, 13, 42 electronic,43 cosmetic,4 energy,44 environmental,45
biomedical,1 and materials fields.46 Some examples of these emerging applications include,
development of high-performance solid oxide fuel cells using Ni-YSZ nanoparticulate
composite,47 drug delivery to the brain with biodegradable polymeric nanoparticles,48 making
smart materials with tunable structural color based on closely packed monodispersed silica
nanoparticles assembly,49 enhancement of the performance of insulating materials using nanosize
SiO2,50 etc.

Supported metal/metal oxide are typically used as industrial catalyst.51 The

3

development of the nanoscale analogue is of great interest because the chemical catalytic
properties of transition metal exhibit unusual activity and selectivity in the nanometer regime.
The appearance of nanotechnology in our life also has increased concern on the health
impact caused by the exposure to nanoscale particulate matter (PM). PM has been defined as
one of the six common pollutants by EPA since 1971 and the regulation of PM10 (coarse
particles, < 10 µm) and PM2.5 (fine particles, < 2.5 µm) were legislated in 1987 and in 1997,
respectively.52 Only recently the ultrafine fraction (PM0.1 or particles size < 100 nm) were
considered as the likely source (along or in combination with other pollutants) of a majority of
PM associated illnesses or death.53 The paucity of studies on PM0.1 and lack of regulation by
EPA are largely due to the extremely small size of the ultrafine fraction which makes capture by
air pollution control devices (APCD) difficult and inefficient. Compared to larger size PM,
ultrafine particles can be transported over longer distance and penetrate deeper into the human
respiratory system, which increase the potential risk on human health.54-57
The majority of ultrafine PM is formed by combustion and emerged as primary or
secondary particles. The primary fraction is directly released into atmosphere by combustion
processes. The secondary component is formed by atmospheric chemical reaction of other
combustion emitting gaseous pollutants, particularly volatile organic compounds such as sulfur
oxide and nitrogen oxides.10, 58 The chart shown in Figure 1.1 was based on the 1996 emissions
inventory for the south Coast Air Basin of California, which indicated the largest sources of
PM0.1 were on-road motor vehicles and stationary source fuel combustion.59
Numerous research studies have demonstrated that fuel combustion generated
nanoparticles with diameters from a few to several hundred nanometers contain potentially
catalytic metals, organic species, “elemental carbon”, and minerals.15, 56, 60 It is widely accepted
that relatively non-volatile species vaporized in high temperature flame zone form significant
4

amount of fine and ultrafine PM through condensation in the post flame region.15,

60-61

In

addition, the Kelvin Effect (reducing the vapor pressure of species on surface) was also
considered to be the driving force of particle growth in post flame zone.61 As a result, the
presence of seed nuclei is necessary for more volatile species to condense into particles. Metals,
usually in the forms of sulfate, oxide or chloride species, have been found to play a more active
role than any of the other seed candidates.62
50

Source Percentage %

45
40
35
30
25
20
15
10
5
0
On-road
Vehicles

Stationary
Sources

Other Mobile
Sources

Misc.
Combustion

Figure 1.1 Emission inventory of combustion-generated ultrafine particles for the South
Coast Air Basin (1996) (adapted from ref. 59)
Transition metals present in combustion-generated particulate matter are catalytically
active in the reactions with organic species in the combustion and post combustion zones. For
example, redox active metal, such as Fe and Cu in the form of supported metal oxide compound,
has been suggested to promote the formation of dioxins via surface-mediated reactions at
temperature range from 200 to 600 °C.63-66 The terms of dioxins commonly refers to a class of
highly toxic chemical pollutants, polychlorinated dibenzo-p-dioxin (PCDDs) and polychlorinated
dibenzofurans (PCDFs). PCDD/Fs have been the subject of intense research through many years

5

due to their extreme toxicity to humans, including cancer, damage to immune system, birth
defects, and other severe reproductive and development problems.67-69
1.2

Size Effect of Metal Oxide Nanocatalysis
From the viewpoint of chemists, the most valuable properties of nanoclusters is the size

effect shown in reactivity, which can be the key answer to develop new catalysts with higher
activity and better selectivity. The strong correlation between the reaction energies and the size
of platinum nanoclusters based on theoretical calculation was reported.70
confirmed by the experimental studies of CO and NO oxidation.

This was also

Polymer-stabilized Au

nanoclusters showed an increase in catalytic activity per unit cluster surface area with decreasing
size when dispersed in water for aerobic oxidation of alcohol.8 However, the decrease of particle
size does not necessary result in higher catalytic activity. Iglesia has reported that too small
clusters of metallic cobalt are inactive in Fisher-Tropsch synthesis, contrary to larger
crystallites.71 Additionally, a recent research work regarding the hydrogenation of nitrate in
water using Pd-Cu/TiO2 catalysts indicated that the selectivity of products is largely depended on
the size of active phase (catalyst) with critical value of about 3.5 nm, below which NO2- becomes
the dominant product rather than nitrogen.9 In industrial application, the capability to predict
desired products by selective catalysts is very valuable for the enhancement of production
efficiency and cost reduction.
The size effects of nanoclusters on catalytic properties have been attributed to many
factors but generally limited into two aspects: the increase in the ratio of surface to volume, and
the domination of quantum effects when the electrons in a nanoparticle are limited to a space of
only a few atom-widths across.72
With the increase of surface-to-volume ratio, which is in reversed proportion to the size
of particles, the ratio of atoms exposed on the surface to the total number of atoms of a particle
6

also increases. In heterogeneous catalysis, surface atoms of the catalyst play a great role since
they are easier to be accessed or bonded than those inside the particles. For larger particulate
matter with size of micron or submicron scale, the percentage of surface atoms does not
significantly increase with the decrease of particle size, which is corresponded to the limited
deviation of the properties from bulk form. However, when the particle size is small enough,
e.g. several nanometers, the dependence of the material’s properties on size becomes significant
and non-scalable. For example, the number of atoms packed in a 1nm size particle only has the
order of hundreds or thousands and most of the atoms are either directly exposed on the surface
or in the sub-surface layer. In that case, the physical and chemical properties are strongly
affected by the nature of atoms or molecules of the material itself, which can no longer be
deduced or extrapolated from those known for larger sizes. Table 1.2 shows the relationship
between particle size and the fraction of surface atom which is based on the inter-atomic distance
of 0.25 nm.73
Table 1.2 Particle size* and the fraction of atoms located at the particle surface
Number
Number of
Total number of
of atoms
atoms at the
atoms in particle
in a side
surface
2
8
8
4
56
64
6
152
256
10
488
1000
100
58800
1x106
1000
6x106
1x109
10000
6x108
1x1012
10
100000
6x10
1x1015
* Assuming all the particles are in cube shape.

Number ratio
surface atoms to
the total (%)
100
87.5
59.3
48.8
5.9
0.6
0.06
0.006

Theoretical
particles size
(nm)
0.5
1
1.5
2.5
25
250
2.5 um
25 um

Furthermore, when particles are small enough, electrons will be confined to a space only
a few atoms across and the quantum effect becomes dominant. In that case the free electrons in
nanoparticles behave similarly to those bound by atoms and can only occupy specific energy
7

states. The whole nanoparticle can be viewed as a “single atom” with discontinuous energy
change.

This quantum effect has been demonstrated in the study of electronic magnetic

susceptibility using various sized Pd nanoparticles,74 where the smallest clusters were tested and
exhibited more electronic magnetic susceptibility when compared to larger clusters.
Although a large amount of research regarding nanoclusters have been conducted in
different scientific areas, much less study has been focused on the transition metal oxide
nanoclusters, primarily due to the lack of synthetic methods to produce monodispersed supported
clusters in nanoscale. While there has been progress in the preparation of a variety of metaloxide nanoparticles in recent years, a major obstacle to their widespread use is precise control of
the particle size (selectivity) and size dispersity (control).75-76 These issues are of particular
concern for supported metal oxide nanoparticles, which is one of important types of catalysts
used in industrial applications. Different from single-crystal surface model, the reactivity of
supported nano catalyst is strongly related to particle agglomeration, size, and size dispersity.70,
77-79

Significant progress has been made in the synthesis of metal nanoparticles by application of

template-based methods that utilize precursors composed of metal ion-containers, e.g.
dendrimers, micelles, and organometallic complexes.38, 73, 80-88 Application of these templatebased methods and other approaches to the synthesis of metal oxide nanoparticles has resulted in
a group of studies that targets the fabrication of metal oxide nanoparticles of controlled size. For
example, various sizes of nanocrystalline Fe3O4 from 5.7 to 16.8 nm was synthesized by thermal
calcination of the precursor of chelate iron alkoxide complexes in solutions of corresponding
alcohol, diethylene glycol, and N-methyl diethanolamine.89 It has been reported the hydrolytic
decomposition of platinum chloride resulted in the formation of water-soluble PtO2 nanoparticles
with size varying from ~1 to 50 nm depending on the PH value.87 Using dendrimer as stabilizer,
water-soluble iron oxide nanoparticles were produced with size in range from 20 to 30 nm,
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which indicated aggregation in solution.90 However, results of these studies indicate that the
made-to-order synthesis of metal oxide nanoparticles of controlled size and distribution still has
significant limitations, thus, the development of fabricating a wide variety of well-defined
nanoparticles is of great importance.
1.3

Dendrimer and Its Applications in Nanofabrication

1.3.1

Background of Dendrimer
Dendrimers are spheroid or globular macromolecules with regular, highly branched

structure and surface functionality. The first example of these hyper-branched materials with
thoroughly investigation was reported in the early 1980’s by Donald Tomalia et al. and named as
dendrimer, which originated from “dendron” (tree) in Greek.91

Different from traditional

polymers, dendrimer has a unique core-shell structure which consists three basic architectural
components: (1) a core, (2) an interior of shells constructed with repeating branch units, and (3)
terminal functional groups (periphery or outer shell).92 Dendrimers are synthesized through a set
of iterative chemical reaction steps that build up from the molecular level to the nanoscale region
under easy maintained conditions in an organic chemistry laboratory. Each additional iteration
forms a new “generation” with double terminal groups and approximately twice the molecular
weight of the previous generation. Meanwhile, the diameters of higher generation dendrimers
also increase linearly from 1 to over 10 nm due to the geometrically increasing number of
surface atoms.92-94
Dendrimers are generally prepared by two conceptually different hierarchical assemblies:
divergent approach and convergent approach.95 Figure 1.2 presents the schematic strategies of
the two approaches. In the divergent method, a dendrimer molecule is constructed outward from
a central core toward peripheries in a stepwise growth. For each shell (generation) addition cycle,
the number of coupling reactions between monomers and end groups increases exponentially. In
9

contrast, the convergent approach starts from peripheries toward the central core. In this method,
different generations of dendrons (dendrimer branches) are pre-synthesized and attached to the
same central core to give different generations of dendrimers.

Though the synthesis of

dendrimers involve many repeated reactions which usually lead to high cost production, in most
case the reactants for synthesis are normally cheap and the iterative chemical reaction is
straightforward. Consequently, the manufacture of dendrimers can be an economic process,
which implies the possibility of large scale application. Today, the commercial production of
two families of dendrimer poly(amido amine) (PAMAM) and poly(propylene imine) (PPI)
dendrimers, which both are synthesized using the divergent approach, has greatly increased
interest in the applications of these unique materials

92

. For example, dendrimers are used on

pharmaceutics as coating agents to protect and deliver drug to specific sites in the body. In
biomedical and preclinical studies, dendrimers are used as contrast agents for magnetic
resonance. In catalysis and in environmental field, dendrimers can be used as molecule capturers
for those insoluble materials, e.g. toxic metals.38, 86, 96-99

Figure 1.2 Synthesis routes of dendrimer (A) divergent (B) convergent (adapted from ref. 95)
10

1.3.2

Synthesis of Metal Oxide Nanoparticles Using Dendrimer Template
Among the potential applications for dendrimers, catalysis is of particular interest in

nanoscience as dendrimeric template offers a reliable, flexible and reproducible method of
generating metals/metal oxides nanoparticles with controlled size (typically < 10 nm), shape and
composition.

Research of catalytic reactions involving these dendrimer-metal complex

compounds include hydroformylation,100 olefin metathesis,101 Heck reactions,102 hydrogenations
and alkylation and Suzuki coupling.103 In many cases they are based on the fact that dendrimer
molecules can coordinate or complex various metal ions at the periphery, interior or throughout
all layers of the dendrimer “host” in a controlled manner.
The number of active sites of the heterogeneous catalysts is one of the important factors
to their activity. Since most of these active sites are presented on the surface, smaller particles
naturally have more active sites due to their high surface-to-volume ratio. However, small
nanoparticles always have a tendency to aggregate due to their high total surface energy. To
avoid this undesired effect in commercial metal oxide catalysts, metal/metal oxide particles are
dispersed on separation media, which typically is a high surface inorganic oxide material

104-105

.

In traditional catalyst preparation methods such as incipient wetness, metal salts are impregnated
onto the high surface areas and are subjected to subsequent thermal treatments. However,
depending on the nature of the solid support, nanoparticles prepared by this traditional route may
have different mobility during the thermal process. These processes vary widely for different
metals and substrate and remain poorly understood. Therefore there is only limited control over
the size of nanoparticles and thus their catalytic properties when using these traditional
preparation procedures.106 To address this issue, it is desirable to limit the mobility of metal
clusters on the surface by adding some metallophilic absorbate to the metal precursor solution
prior their deposition on surface. Dendrimer is one of such absorbate due to its extraordinary
11

properties, including complexation with metal ions in a control manner and easy deposition onto
solid surface.5,107 In homogeneous catalyst synthesis, the presence of dendrimers can protect
encapsulated metal nanoparticles from aggregation in solution.

In heterogeneous catalyst

synthesis, dendrimers are employed as metal template and stabilizer for retaining metal
nanoparticles in situ on the surface. Figure 1.3 illustrates the proposal schematic for making
metal oxide nanoparticles using dendrimer template techniques, compared to the traditional
incipient wetness method.

Figure 1.3 Comparison of supported metal oxide catalysts made by dendrimer template
method and traditional incipient wetness method
Although synthesis of supported metal nanoparticles via the dendrimer template route has
been reported in numerous research studies; most of them focus on the encapsulated metal
particles synthesized by reduction pathway, which leaves the carbonaceous materials of the
dendrimer template intact.38, 73, 97, 108 It has been suggested that the presence of dendrimer frame
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will not affect the catalytic properties of the inside metal particles significantly. However in
most cases, uncoated metal oxide particulate matrix is necessary so that the presence of
dendrimeric back-bone is avoided.

For example, dendrimer-encapsulate metal particles

supported on solid substrate showed no catalytic activity to bind CO, as the dendrimer collapsed
on nanoparticles and poisoned the metal surface.109-110
1.4

Soot Formation from Combustion

1.4.1

Definition of Soot
Although there is no exact definition of soot, it is often referred to the solid carbonaceous

particles resulting from the incomplete combustion of fossil fuels and biomass. Though the size,
shape, composition of soot are widely varied depending on the combustion condition, such as
type of combustor, residence time, temperature and fuel/oxygen ratio, there are some common
features of this type of particulate matter. In general, soot particles are emitted in cluster-like or
chain-like aggregates of near-spherical primary particles. Single soot particles are varied from 20
to 50 nm in diameter.111-112 These particles consist mainly of carbon and hydrogen with varied
C/H ratios ranging from about 1 for young soot to greater than 10 for well developed
particles.113-114 The increase of C/H ratio for the latter is a result of the graphitization of soot
particles.115 Other chemical species incorporated into soot include inorganic salts and metals
obtained from burned out fuel impurities.15
1.4.2

Risks and Applications of Soot
Soot has long been recognized as one of the most hazardous pollutants to human health

due to its breathable size and toxicity.116 Generated and released by combustion sources, soot is
one of the most representative kinds of airborne particulate matter. Combustion generated soot
particles are categorized as fine and ultrafine particulate matter. Due to their extremely small
dimension, soot particles can penetrate deep into the human respiratory system and cause severe
13

health risks upon inhalation. Furthermore, due to the nucleation effect, polycyclic aromatic
hydrocarbons (PAHs) are frequently found in soot particles,115, 117 which add to the toxicity of
soot. Many PAHs are known for their toxicity as human carcinogen and mutagens.118-120 The
International Agency for Research on Cancer (IARC) has classified PAHs as a “known human
carcinogen” since 1985.121

As the current global soot production is estimated to be~50-200 x

1012 g/yr,122 it is believed that soot is probably the most important source of PAHs in the
environment.
In addition to their impact on human health, soot formation is also undesirable in many
practical circumstances. For example, black carbon in soot can absorb visible solar radiation,
leading to climate change.14 As airborne soot can travel long distance for weeks, settling on
glaciers in the Polar Regions accelerates the melting of ice, and raises the sea level. It is
estimated that the emission of soot accounts 18% of global warming, the second strongest
contributor after carbon dioxide emission.123 Fouling problem in combustion system is another
deleterious effect caused by soot deposit. During the operation of engines, the presence of soot
can increase the radiating power of the flame and the heat transfer rate, leading to worn-out of
engines and low efficient utilization of fossil energy.124
Soot formation can also be advantage. Carbon black (soot) collected from candle or
lamps using animal fats had been used to make pigment or ink for centuries. It was reported
recently that diesel soot can be recycled efficiently and used as a precursor for synthesis of
single-wall carbon nanotubes.125 Today black soot (technical carbon) is commercially produced
at an estimated yield of 107 tons per year globally.126 Their applications include filler for
elastomers, printing ink for copy machine and laser printers, etc.
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1.4.3

Homogeneous Soot Formation
With the above concerns, it is very desirable to gain control over the formation and

emission of combustion generated soot particulate matter. This requires a better physical and
chemical understanding of the combustion process. Over the past three decades, significant
research effort on soot formation has been undertaken using different experimental setup,
including flames, shock wave tubes, and flow reactors with the usage of different hydrocarbons
(e.g. acetylene, benzene, methylnaphthalene, etc.) and diesel fuel as soot precursors.127,128,129-137
Although soot formation is a complex phenomenon and the detailed mechanism remains poorly
understood, it is widely accepted that this process can be broken down into general stages: (1)
formation of gaseous precursors of soot, (2) inception of particles, (3) mass growth of particles
through reaction with the gas-phase species, (4) coalescent and coagulation to particle growth,
(5) carbonization of particulate matter, (6) oxidation of PAHs and soot particles.112,

117

A

proposed route for soot formation is shown in Figure 1.4 and more details of these stages are
summarized below.
The formation of molecular precursors is the first critical step in the soot formation
process.

In the initial stage of combustion, fuel molecules are decomposed through high

temperature reaction.

In an oxygen rich (carbon/oxygen ratio < 1) condition, most fuel

molecules are completely oxidized and converted into CO, CO2, and H2O. With the decrease of
oxygen feed, the fuel rich condition (carbon/oxygen ratio > 1) exists and pure or oxidative
pyrolysis becomes dominant. Regardless of the initial types of fuel that are used, the fuel
molecules initially degrade into small hydrocarbon radicals, and then break down into smaller
unsaturated fragments, particularly acetylene (C2H2), due to the incomplete combustion. These
small hydrocarbon species react to form large hydrocarbon molecules such as polycyclic
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aromatic hydrocarbons (PAHs) and polyynes (C2nH2, n=2, 3...), which both are commonly
considered as molecular precursors of soot.127, 138

Figure 1.4 Schematic Soot Formation Process (adapted from ref. 139)
The second step of soot formation is particle inception, which involves conversion from
gaseous molecular compound to particles. For example, heavy PAH molecules form nascent
soot particles with the smallest detectable diameter of 1.5 nm, corresponding to a molecular
weight about 2000 amu.124

To understand this nucleation mode growth from molecule to

particle, several competing theories starting from different types of precursor have been
purposed in past years. One of the widely accepted pathways is the PAH model, which assumes
that particle inception is a continuous molecular growth process due to the collision and
coalescence in between PAH species.140 Another popular hypothesis is the polyyne model, in
16

which every radical capable of forming polyyne complexes is assumed to be the center of a fast
polymerization center, with the presence of “super-saturated polyynes vapor”.141
Growth of the nascent soot particles progresses through the addition of gas phase species,
such as acetylene and PAH. Radical sites on soot particles are believed to be involved in the
stabilization of the molecular reactants. Although there is no significant change to the particles
number in this surface growth step, the mass of soot significantly increases. This growth process
can occur at temperature below the lower limit required for soot inception path.142 A mechanistic
explanation introduced by Freenklach treats the surface growth reactions similar to the planar
growth of PAHs

143

. In this approach the surface of a young soot particle is assumed to be like

giant PAH molecule that has abundance of C-H bonds.

Applying the hydrogen-

abstraction/carbon-addition (HACA) soot growth mechanism into this heterogeneous surface
reaction, the abstraction of H on the atoms leads to the formation of surface radicals, which
subsequently react with incoming gaseous molecules and promote the growth of particles.142
Mass growth via molecules forms particles of several nanometers in diameter. However,
most soot particles are as large as tens to hundreds of nanometers, due to the agglomerating form
of the primary particles. This growth process, correlating to the decrease of particle number
without changing total mass of soot, is the result of the sticking collisions between alreadyformed particles, which occur immediately after particle inception, or when small/young soot
particles form.138 Coalescence makes it difficult to identify primary soot particulate units in
electron microscopy. If particles collide and stick to each other without fusion, the resulting
chain-like or cluster-like agglomeration retains the individual identification of the primary
particles.
The observed soot formation is a combined result of the soot growth, carbonization,
pyrolysis and oxidation (which decrease mass). Carbonization of soot particles typically occurs
17

in the late stages of soot formation, due to the long residence time and the pyrolytic condition of
high temperature post-flame zone. In this process, the polyaromatic materials presented in the
soot particles undergo functional group elimination, cyclization, ring condensation and fusion.
This is accompanied by dehydrogenation, growth and alignment of polyaromatic layers, which
convert the initial amorphous soot material into a progressively more graphitic material.117
Depending on the combustion conditions, pyrolysis and oxidation may cause a significant mass
loss of soot in comparison to the surface growth.
1.4.4

Effects of Metal on Soot Formation
In addition to the pathway of homogeneous nucleation and molecular growth of soot

formation that has been widely accepted and studied, more and more recent research indicated
the heterogeneous mode growth through the surface condensation on an already formed particle
competes to the homogeneous mode growth of soot. Although semivolatile compositions, such
as heavy hydrocarbons, sulfuric acid, dominates the particulate emission of fuel combustion,
solid nuclei particles are commonly found as result of vaporization of relative non-volatile
species in the high temperature flame zone, e.g. combustion of heavy oils, incineration of
industrial waste streams. Typical solid compositions include suboxides of silica and alumina,
common metals such as Fe, Zn, Ni, V and Cu, and some high-molecular weight organics. It has
been reported that the metal content in PM from combustion of heavy fuel oils shows a strong
dependence to the particle size. As particle size fell into the submicron range, the concentration
of transition metals (Zn, Ni, and Fe) increased exponentially to over 60% and the carbon
concentration decreased from nearly 90% to less than 30%. Another study of particle formation
from combustion of #5 and #6 fuel oils also supported this finding. It was found that 80% of the
nanometer particle fraction consisted of the transition metals, including Cu-, V-, Zn-, and Nisulfates. This data suggests that solid composition, with sizes of less than 10 nm and composed
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of metal/metal oxide/metal sulfate, is not simply an inert substrate for condensation of organics,
but is a reactive metal nanoparticle that promotes molecular growth reactions and thus particle
growth.
Metal-based fuel additives have been greatly used for control and suppression of soot
formation. Numerous studies concerning the effects of metal additives on soot suppression have
been conducted in practical and laboratory-scale combustion system. For example, when alkali
or alkaline earth metals were added to a premixed flame, significant reduction in the soot volume
fraction were observed.144 Some other research has found that iron, as well as manganese and
barium, are the most effective soot-reducing fuel additives. Dicyclopentadiene iron (Fe(C5H5)2),
or ferrocene, are widely used in different combustion system,145 because of their solubility in
liquid fuels, air stability, innocuity and unusual thermal stability.146 However, mixed results
have been reported. Retrievi et al. observed that ferrocene-doped premixed flame produced
more soot than undoped premixed flame.147 As homogeneous nucleation of iron to iron oxide
nanoparticles occurs prior to soot inception, these already formed particulate sites ease the
nucleation of hydrocarbon and hence promote soot formation.

Meanwhile, metal oxide

incorporated into the soot matrix may act as a catalyst to promote soot burnout in oxygen-rich
regions of the combustion system, which is seen as soot-suppression.148
Many details of these complex interactions between metal and hydrocarbon remain
unclear. Therefore, the study for understanding the effects of metal on soot formation can
significantly contribute to the control of soot emission and their impact to human health.
1.5

Research Objectives
The studies reported here can be divided into three projects. The first involves the

synthesis and characterization of size-controlled metal oxide nanoparticles supported on
substrate using dendrimeric template technique. The second concerns the catalytic application of
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supported metal oxide nanoclusters, focusing on the cluster size-associated activity and
selectivity in reaction. in the comparison with those of coarse particles which were prepared by
incipient wetness impregnation method.

Finally, dendrimeric technique is used to produce

gaseous suspended metal oxide nanoparticles for the study of metal mediated soot formation,
using a two-zone high temperature flow reactor.
The synthesis of dendrimer-encapsulated metal and semiconductor nanoparticles in
aqueous phase or organic solvent had been reported.38, 73, 97, 108, 149-150 However, there is very
limited research considering the application of dendrimeric template technique for the synthesis
of monodispersed metal oxide nanoclusters on support, which is of particular interest to the
practical catalysis in industry.

In the first project, supported size-selective metal oxide

nanoparticles were synthesized through a modified dendrimeric template technique, based on the
fact that dendrimer can complex metal ions in a controllable stoichiometric or sub-stoichiometric
ratio.73, 151 Various dendrimer-metal complexes were used as the metallic precursors for this
synthesis. The approaches of tuning the size of metal oxide nanoclusters were performed via
changing the substitution ratio of dendrimer in precursor, the concentration of dendrimer-metal
complexes on substrate surface, the preparation procedure and the calcination temperature. This
method was tested on matrixes using different metallic precursors (Cu, Ni, and Fe) and substrates
(SiO2 and TiO2).
One of the biggest motivations to develop nanocatalyst is their surprising activity and
selectivity in reactions.

It is well known that smaller particles are correlated to higher

surface/volume ratios and thus more active sites in the unit mass. However, when particle size
decreases into the 1-10 nm regime, the surface atomic ratio becomes significant and quantum
effect becomes dominant, the change of their reaction activity is not measurable because of the
small size 42. Furthermore, selective products may form as the result of the extremely small size
20

of particles. In order to better understand the size effect on reaction, a comparison study
regarding the thermal degradation of chlorinated benzenes over supported copper/iron oxide
nanoclusters and impregnated coarse particles was performed in the second project. Chlorinated
benzenes were chosen as the gas phase precursor due to their abundance in the waste combustion
source and the potential role lead to PCDD/Fs formation.152
In the last project, a custom-built two-zone high temperature flow reactor was used to
investigate the effect of metal oxide nanoparticles on soot formation. Though numerous studies
regarding the influence of the metal additive on the soot growth and inhibition have been
reported, in most cases metal was mixed with fuel prior to the combustion process.144-145 In the
study reported here, the dendrimer-template technique was used to generate 1-3 nm metal oxide
nanoparticles suspended in gas flow. 1-methylnaphthalene was used as the hydrocarbon fuel to
produce soot.

To investigate the influence of metal on soot formation, experiments of

hydrocarbon combustion were performed with or without the introduction of synthetic metal
oxide nanoparticles by carrier gas. The use of flow reactor ensures that the combustion condition
can be accurately controlled, including residence time, combustion temperature, amount of
reactants, and the gas supply.
In summary, the objectives of this dissertation have been to develop a new technique
based on a dendrimer template to control the size of supported oxide nanoclusters, which
contribute to the study of size effect in nanocatalysis. As combustion generated nanoparticles
have been identified as the potential primary health impact caused by particulate matter, this
catalytic study will contribute to the understanding of their reactivity in comparison to fine
particulate matter.

Furthermore, dendrimer-metal complex were used for generation of

suspended metal oxide nanoparticles in soot formation. With the careful design of each project,
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these studies provide the information for a better and thorough understanding of the chemical
behavior of metal oxide nanoparticles in the pollutants.
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CHAPTER II: EXPERIMENTAL
2.1

Dendrimer-Templated Synthesis of Metal Oxide Nanoclusters with Support

2.1.1

Chemicals
Metal Precursor – All the metal precursors were used as received from Sigma-Aldrich,

including cupric nitrate hemi(pentahydrate) Cu(NO3)2·2.5H2O (99.99%), ferric nitrate
nonahydrate Fe(NO3)3·9H2O (99.99%) and nickel(II) nitrate hexahydrate Ni(NO3)2·6H2O
(99.999%).
Dendrimer – Amine-terminated poly (propylene imine) (PPI) 4th generation dendrimer
DAB-AM-32 (G4) was purchased from SyMO-CHEM and used without further modification.
Substrate – Cab-O-Sil (CABOT Cop., EH-5) is a high purity (99.8%) fume silica
powder with high surface area (380 m2/g) and average particle size (aggregated) of 0.2-0.3 µm.1
To test the generality of the synthesis route, titanium oxide (Sigma-Aldrich) with particle size
<100nm (BET) was used as well.
Solvent – All aqueous solutions were prepared with HPLC chromatographic grade
Methanol (99.8%).
2.1.2

Synthesis Procedure
Amine-terminated poly (propylene imine) (PPI) dendrimer DAB-Am2n was used as a

macrochelating agent for synthesis of metal oxide nanoclusters.

DAB stands for the

diaminobutane-core, and 2n for the number of primary amine terminal groups which is
associated with the generation m (n = 2m). In this study, 4th generation of DAB dendrimer
which has 32 amine terminal groups was used and symbolized as G4 in this dissertation.
Similarly, the nomenclature used to describe the dendrimer-metal complex is as follows: G4Men,
where Me represents the metal and n is the number of metal ions coordinated in one G4
dendrimer molecule. It was reported that the amine terminal groups coordinated with Cu2+ ions
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in a 2:1 stoichiometric ratio.2-3 Therefore, one G4 molecule can complex up to 16 Cu2+ ions in a
fully stoichiometric substitution. Figure 2.1 presents the structure of a G4 molecule and its fully
substituted cupric complex analogue G4Cu(II)16 in a 2-dimensional projection. The oxygen
atoms present in the complex molecule could be associated with the methanol solvent, nitrate
anions or water.3

Figure 2.1 Generation 4 Amine-terminated Poly(propylene imine) Dendrimer (a) Unsubstituted Dendrimer DAB-Am32, (b) Fully Substituted Dendrimeric-Copper Complex DABAm32-Cu(II)16

The procedure for synthesis of substituted dendrimer copper complexes can be illustrated
by the example of G4Cu(II)16. A methanolic solution of Cu(NO3)2·2.5H2O (5 mL, 10 mM), in
pale blue, color was added to a solution of G4 in methanol (20 mL, 0.156 mM), immediately
resulting in an ocean blue color due to the complexation of copper with amino groups. It should
be noted that the quantities of the solutions taken were selected to obtain a final dendrimerCu(II) solution with the 2mM of Cu(II) concentration. Cu(II) concentration was kept constant in
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the preparations of other substituted level dendrimer complexes, which required the
concentrations of G4 for half and quarter substituted cupric dendrimer complexes were 0.312
mM and 0.624 mM, respectively. The final solution was thoroughly stirred for 30 min to ensure
the complete coordination between Cu ions and dendrimers.3
To impregnate the silica powder with the 2 mM dendrimer-Cu(II)n methanol solution,
Cab-O-Sil powder in the amount corresponding to final 5 wt.% CuO/SiO2 was suspended in
methanol and sonicated for 20 minutes. A dendrimer-copper complex solution was then added,
and the solvent was removed by rotary vacuum evaporation, producing dendrimer- Cu(II) coated
silica powder in sky blue color. To remove the residual methanol prior to calcination, the solid
powder was oven dried at 120 °C for 6 hours. To burn-off the dendrimeric material and oxidize
the metal species, the dried powder was then calcined for another 5 hours in a high temperature
furnace. Except to examine the calcination temperature effect on the formation of metal oxide
nanoclusters, all the pre-dried powder samples were calcined at 450 °C.
To minimize the probable agglomeration of dendrimer-metal complexes occurring in
solution or on a supporting surface, as well as the surface migration and aggregation of the metal
oxide nanoclusters during calcination process, a different preparation approach was used. Prior
to solvent removal, the suspension containing dendrimer-Cu(II) complex and Cab-O-Sil silica
was shaken for 24 hours to allow the diffusion and adsorption of the dendrimers on the silica
surface. This approach was referred to as “pre-adsorption”, which was applied to ensure no
diffusion limitation of the dendrimer-Cu(II) complex to the surface of silica particles during the
fast solvent evaporation process.
In order to test the generality of this synthesis method, other metals, e.g. Ni and Fe, and
other supported matrixes, e.g. titanium oxide (TiO2), were also selected for synthesis of other
supported metal oxide nanoclusters system.
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2.1.3

Characterization Techniques

2.1.3.1 Morphology Analysis (HR-TEM)
Nanoparticle images were obtained using a JEOL-2010 high-resolution transmission
electron microscope (HR-TEM) operated at 200 kV with a LaB6 emitter. With a magnification
ranging from 50 – 1,500,000, it can image objects at a point-to-point resolution up to 0.23 nm.
Initially the TEM was only equipped with a conventional film imaging system. The negative
films were then scanned into a computer for digital processing. Later a CCD-camera (Gatan,
model SC1000) was installed in TEM for imaging purposes, which produced digital images
directly. Though two different imaging systems were used, the results obtained from both
systems were comparable as calibration of the new system was conducted upon its installation.
All images were taken in bright field mode. 400 meshes holey-carbon coated metallic TEM
grids (purchased from SPI, West Chester, PA) were used for microscope imaging.
The powder sample for the test was initially suspended in methanol for 1 minute using an
ultrasonic bath. Then a TEM grid was dipped into the resulted suspension for 5-10 seconds and
dried in air to allow the deposition of silica particles on its carbon film. The digitized images
were imported into the program ImageJ for measuring the diameter of each particle on the
micrographs.4-5 After that the tabulated data of ImageJ was imported into IGOR (WaveMatrics,
IGOR PRO 5) to generate the particle-size distribution by making histogram graphs with binwidths of 0.2 nm. Gaussian Fitting was also applied to the histograms to produce the statistical
results, including the mean sizes and standard deviations of particles. For each sample, 150-500
particles were measured from several TEM micrographs to establish particle size distribution
histograms.
EDS (Energy Dispersive X-ray Spectroscopy) was used to analyze local composition
information of the interested region. This in-situ elemental analysis was conducted using an
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EDAX DX-4 package integrated in the TEM system.

In order to identify copper oxide

nanoclusters, nickel TEM grids were used instead of the more typical copper grid. The measured
area was typically 200x200 nm2.
2.1.3.2 Elemental Analysis (XPS & XANES)
The XPS (X-ray Photoelectron Spectroscopy) analysis was performed using a Kratos
AXIS 165 X-ray photoelectron spectrometer equipped with an Mg/Al source. Powder samples
were fixed on a steel holder with double-sided adhesive tape (Type 415 acrylic, 3M) and inserted
into the UHV chamber of the instrument (10-9 Torr). In order to remove the charging effect
posing on the insulating samples, the Charge-Neutralization function was selected throughout the
analysis procedure. To determine the elemental compositions, including carbon, gold stubs were
used as the sample holder rather than adhesive tape which contains carbonaceous ingredients.
Survey and high-resolution scans were collected with energies of 160 eV and 40 eV,
respectively. The spectrometer utilized the hybrid magnification mode, providing for an analysis
area of about 700 microns by 300 microns, which is suitable for survey mode spectroscopic XPS
analysis at low- and high-energy resolutions.
XANES (X-ray absorption near edge structure) spectra at the Cu K-edge were collected
using the Double Crystal Monochromator (DCM) beam line at CAMD synchrotron research
center. A 20 wt.% sample of Cu(II)O mechanically ground with Cab-O-Sil silica was used as a
reference sample for the study of copper-based nanoclusters. Each sample was packed into a 15
mm x 2 mm window in an aluminum sample holder with both sides of the opening sealed with
Kapton tape. The reported spectra are the sum of 3 to 5 scans. The data extraction and plotting
were performed using standard X-ray absorption methods included in the commercial analysis
program WinXAS (Version 3.0).6 Background subtraction and normalization were performed
using WinXAS. Pre-edge absorption due to the background and detector were subtracted using a
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linear fit to the data in the range of -150 to -50 eV relative to the sample edge energy (E0). Each
spectrum was then normalized using a constant determined by the average absorption in the
range of 25-300 eV relative to E0.
2.2

Thermal Diagnostic Studies of Chlorinated Benzenes over Metal Oxide Catalysts

2.2.1

Chemicals
Test Reagents – 1,2-Dichlorobenzene (o-DCBz) (99%) and monochlorobenzene

(MCBz) (99.8%) were used as received from Sigma-Aldrich. It is well known that chlorinated
hydrocarbons are an important category of air pollutants which generated from the municipal and
medical waste incinerators. There is particular interest for studying their chemical reactions due
to their environmental problems like air and water pollutions, as well as for industrial
applications. In this work, o-DCBz and MCBz, which are structurally similar to the extremely
toxic 2,4,7,8-tetrachlorodibenzodioxin, were chosen as the model compounds for studying their
thermal degradation in the reactions with metal oxide (particles) catalysts. Figure 2.2 presents
the formula structure of o-DCBz and MCBz molecular as well as the dioxin.

Figure 2.2 Chemical structure of (a) 1,2-dichlorobenzene, (b) monochlorobenzene, and (c)
2,4,7,8-tetrachlorodibenzodioxin

2.2.2

Preparation of Catalysts
Copper and iron oxide were selected for catalysis tests, partially due to their abundance in

combustion emission and proven role in dioxin formation.7
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All supported metal oxide

nanocatalysts were prepared using the procedure described in the previous section. Briefly, a
methanol solution of dendrimer-metal complex with concentration chosen to yield 5 wt.% metal
oxides on the silica matrix was used as the active phase precursor and added into the suspension
of amorphous silica powder (Cab-O-Sil).

After the removal of solvent by rotary vacuum

evaporation, thermal decomposition and oxidation in air of the silica-supported dendrimer-metal
resulted in the formation of nanometer size (1-4 nm) clusters on the surface of silica substrate.
Each metal oxide nanocatalyst was prepared in three different average size series by using fully,
half, and quarter substituted metallic dendrimers as precursors, respectively.
The surrogate of larger metal oxide clusters used for catalytic comparison study was
prepared by the incipient wetness method. To choose the amount of metal precursor (water
solution) to make 5% metal oxide in silica system, the total volume of water was carefully added
to the given mass of Cab-O-Sil powder to achieve incipient wetness, which required the water
added to silica to be contained within the pore structure and/or bound to adsorption sites on the
surface, i.e. no bulk water is present. The resulting gel was well mixed and dried at 120 °C for
24 hours, followed by 12 hour calcination at 450 °C in air to convert the metal nitrate salt into
metal oxide on a silica support.
2.2.3

Characterization of Catalysts
Inductively Coupled Plasma (ICP) is an analytical technique used for the elemental

determination. In this experimental section, a Spectro Ciros ICP analyzer was used to obtain the
information of metal oxide loading in each catalyst. Extraction of metal species from the catalyst
samples was performed by adding 2 ml of 70 wt.% nitric acid onto 10 mg 5 wt.% metal
oxide/silica for 48 hour digestion. After that, 0.2 ml of the resulted supernate was diluted to 10
ml for ICP analysis. This dilution process reduced the concentration of nitric acid below 3 wt.%
due to the limitation of ICP.
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X-Ray Diffraction (XRD) Analysis was performed on a Bruker/Siemens D5000
Automated powder X-ray diffractometer to obtain the structure information of the metal oxide
catalysts.
2.2.4

System for Thermal Diagnostic Studies
All catalysis tests were performed using the System for Thermal Diagnostic Studies

(STDS), which was designed to study thermal behavior of organic and inorganic substances.8-9
One of the advantages of STDS is that the substances for testing can be in gaseous, liquid, solid,
composite, or even a multiphase constituent, which makes it suitable to investigate the thermally
surface-mediated reaction of various organic compounds in the combustion study. Furthermore,
its capability of in-line analysis increases the sensitivity for detecting products. STDS is a closed
continuous system which has a modular design with interchangeable components to provide
flexibility and versatility for different experimental tasks. In the catalytic study described in a
later section, the STDS was composed of four major subassemblies, including the
instrumentation console, thermal compartment equipped with high-temperature fused silica flow
reactor, cryogenic trapping, and gas chromatograph/mass spectrometer (GC/MS) for effluent
product separation and detection. The last two units were controlled and monitored through the
computer interface. Figure 2.3 illustrates the configuration of STDS in use.
The thermal compartment was basically composed of the oven of a Varian CP-3800 gas
chromatograph with removal of the GC column and detector. Organic compounds in liquid
phase were introduced into the reactor via the thermal injection port located on the top of GC. A
digital syringe pump (KD Scientific, model 100) was used to inject liquid samples at a constant
flow rate so that the initial concentration of sample can remain constant in the flow reactor. A
quartz tube insert was installed in the injection port to maintain an inert atmosphere inside the
STDS. In order to deliver organic reactants in gas-phase to the reactor, the samples were
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vaporized in the temperature-controlled injector and then immediately transferred to the reactor
by the gas carrier. The straight tube flow reactor (0.23 cm inner diameter, 20 cm long) was made
of quartz which can remain stable at extremely high temperatures up to 1200 °C. Furthermore,
all the transfer lines were made by stainless steel with fused silica coating to maintain a
chemically inert atmosphere.

Figure 2.3 Diagram of System for Thermal Diagnostic Studies
The flow reactor was placed in a radiant ceramic tube furnace with separate temperature
control from the instrumentation console (c.f. Figure 2.4). To maintain the thermal condition of
surrounding peripheries of the furnace, including all connections coming from the injection port
to the reactor and going from the reactor to the heated transfer line, the reaction assembly
(reactor + furnace + connection) was housed in the GC oven. The downstream transfer line was
composed of a deactivated silica-coated stainless steel tube which could be heated independently
through the instrumentation console. In this study, the temperature of the GC oven and the
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transfer line were held at 200 °C and 220 °C, respectively. This temperature setting was to
maintain the organic reactants and products in a gas phase before transferring to the analysis
units (GC/MS).

Figure 2.4 Fused silica flow reactor located in the high temperature furnace
The in-line GC/MS system (Varian, model CP-3800 GC and Saturn 2000 MS) was used
for cryogenic trapping, separation and detection of the effluent from flow reactor.

Liquid

nitrogen was used to maintain the capillary column (Chrompack, part no. CP Sil 8) head at a low
temperature (-60 °C) to ensure the effluents were trapped cryogenically. Immediately after the
preset time for trapping, the column was temperature programmed from -60 to 300 °C at 15
°C/min so that the collected products are separated with characteristic retention time. Detection
and quantification of the separated products were done by using the Mass Spectrometer (MS)
where compounds with molecule weight between 40 to 650 amu could be analyzed. A computer
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station installed with Saturn GC/MS software was used to collect GC/MS data so that the
products could be identified with the included mass-spectral library (NIST and Saturn) and
quantified digitally.
In order to conduct quantitative experiments, the STDS system had to be cleaned and
well maintained regularly. Prior to use every day, the transfer line and reactor were heated under
air flow at 300 °C and 450 °C, respectively. This procedure burned off the possible organic
residual left from previous experiments. The GC/MS system was cleaned by using a preset
method which set the column at 300 °C for 1 hour and returned to 120 °C after that.
Additionally, the oil of the mechanical pump needs to be changed every six months.
2.2.5

Experimental Procedure
For each test, 10 mg of metal oxide/silica powder was mixed with 40 mg quartz particles

(60-100 mesh). The use of quartz particles was to avoid pressure build-up, which occurs for fine
powder packed beds. Furthermore, addition of quartz also helped to avoid local overheating and
maintained space velocity. The catalyst was placed in a packed bed between quartz wool plugs
in a 3.9 mm i.d. fused silica reactor in the STDS.
For all experiments, the volumetric flow rate through the reactor was maintained at 20
cc/min and the inject rate of liquid reactants was at 1 µL/hr. With these settings, the contact time
for reactant on solid active phase is approximate 0.03~0.05 second, and the gas phase
concentration of reactants was 200 ppm and 183 ppm for o-DCBz and MCBz, respectively. To
avoid condensation of the reaction products, all transfer lines were maintained at a constant
temperature of 200 °C. Ultra pure helium was used as carrier gas for pyrolytic reaction, while
20% oxygen in helium was used for oxidative reaction.
A blank test at a temperature of 200 °C was performed prior to each catalytic test to
ensure the quantitative transportation of the gas reactants. The tests of chlorinated benzenes
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reaction over metal oxide catalysts for each temperature were conducted in the STDS system
with the detailed procedure described as following.
1. Load the catalytic sample contained reactor into the ceramic furnace with all
connections tightened. Set the furnace to the desired reaction temperature.
2. Set the GC oven (the one that houses the reactor) and the transfer-line temperature at
200 °C to maintain the sample in gas-phase throughout the STDS.
3. Set the injection port at the temperature (180 °C for o-DCBz and 135 °C for MCBz)
to vaporize all liquid sample into a gas phase before entering flow reactor.
4. Once the furnace was heated to a preset temperature, switch on the carrier gas
(helium or oxygen/helium mixture) for reactant with set flow rate of 20 cc/min.
5. Program the GC/MS run from an initial set temperature of -60 °C with a holding time
of 5 minutes to 300 °C at the rate of 15 °C/min for duration of 29.1 minutes.
6. Open the liquid nitrogen valve to cool the cryogenic trapping of the GC to -60 °C.
7. Insert the transfer line into the injection port of the GC/MS.
8. When all temperatures are stabilized and the flow rate is constant, the sample is ready
to be injected. Draw up desired amount of liquid reactants into a syringe and place it
in the syringe pump with the injection rate set at 1 uL/hr.
9. Insert the syringe to the injection port and start the syringe pump followed
immediately with the start of the GC/MS run.
10. When the set injection runtime completes, stop the syringe pump and remove the
transfer line from the injection port of the GC/MS.
11. Switch off the furnace and the oven to cool down adequately so that the quartz reactor
can be removed safely.
12. Once the GC/MS run is complete, repeat above steps for next run with fresh catalyst.
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2.2.6

Identification and Quantification of Reaction Products
Identification of each product (peak) was based on the mass spectrum, the software

included library database (NIST 98 version 1.6d) and the standards of the products.
Quantification of reactants and products was performed using the calibration curves of analytical
standards. The yields of the products were calculated using the following expression.
𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑑𝑑 =

[𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃]
× 100
[𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅]0

[Product] is the concentration of specific product formed (in moles), and [Reactant]0 is
the concentration of the reactant (in moles) injected into the reactor. All data were plotted using
IGOR.
2.3

Combustion Studies in Entrained Flow Reactor

2.3.1

Chemicals
Metal precursor – Fully substituted dendrimer-metal complexes (G4Cu16 or G4Fe16)

were prepared in methanol solution according to Section 2.1.2.
Soot precursor - 1-Methylnaphthalene (C11H10) (95%) was chosen as the hydrocarbon
fuel due to its high tendency to form soot.
Carrier Gas - Nitrogen (N2) gas was used as the carrier gas in both injection ports. UHP
Air (21% O2, 79% N2) was introduced to the flow reactor system only through the injection port
of the particle generator. By adjusting the flow rates of the carrier gas, the resident time of
reactants and oxygen concentration in the flow reactor can be tuned accordingly.
2.3.2

Design of Two-Zone Entrained Flow Reactor
The entrained flow reactor system was designed and built to study the effects of metal

oxide nanoparticles on soot formation. The schematic diagram of the experimental setup is
presented in Figure 2.5. The flow reactor was composed of 4 parts: particle generator (1st stage
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Figure 2.5 Schematic diagram of ultrafine entrained flow reactor
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reactor), hydrocarbon combustor (2nd stage reactor), gas/liquid sample delivery systems (one for
metal precursor and one for soot precursor), and sample collection assembly.
The particle generator consisted of a vacuum formed ceramic tube furnace (Omega,
CRRS series) and a quartz tube reactor (I.D. 23 mm, Length 300 mm). The temperature inside
the furnace is controlled electronically using a relay temperature controller. This segment was
used to generate metal oxide nanoparticles suspended in gas phase. During experiments, a
methanolic solution of the metal precursor was fed into the reactor at a constant flow rate by
using a digital syringe pump, which was described previously in section 2.2.2. The injection
port was configured with a gas/sample inlet and a quartz insert (I.D. 3.9 mm), which was
customized with five evenly distributed pinholes (I.D. 1 mm) at the tip. This design was to
ensure the injected liquid sample was “sprayed” uniformly into the heating zone without forming
large condensed liquid drops. The carrier gases, air and nitrogen, were fed and controlled using
the mass flow controllers (Omegalux®, model SSRL240DC25).

The injection port was

maintained at a mild temperature of 75 °C to ensure the complete vaporization of the solvent.
The outlet of the particle generator was connected to the hydrocarbon reactor, in which
the hydrocarbon fuel was burned with or without the introduction of metal oxide particulate
matter. This segment also consisted of a tube furnace (Omega, CRWS series) with thermalelectronic temperature control and a quartz tube reactor (I.D. 3.9 mm, Length 300 mm). To
maintain the temperature constant inside the furnace, both ends of the cylinder were covered
with thermal insulation. During experiments, metal oxide nanoparticles formed in the particle
generator were delivered through the inlet which is positioned parallel to the axial direction of
the reactor tube. Meanwhile, hydrocarbon fuel was injected and transferred by carrier gas
(nitrogen) from the “side” inlet arranged perpendicularly to the reactor tube. These two influents
were then mixed in the high temperature heating zone. Such configuration of injection inlets
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prevents pre-condensation of hydrocarbon on the surface of solid particulate matter before they
were transferred to the desired temperature zone. In order to minimize the “back-flow” effect,
the carrier gas from “side” inlet was maintained at a flow rate which is equal to that of the
effluent from the particle generation reactor. Similar to the injection of the metal precursor, a
digital syringe pump was also employed to deliver the liquid phase soot precursor into the
system with a preset feeding rate. As the temperature inside the droplets is much colder than
that in the gaseous phase, which hinders reaction rates,10 it is necessary to keep the feeding
hydrocarbon gaseous for reaction. To do so, the inlet for hydrocarbon (liquid) injection was held
at a temperature higher than their melting point, but was slightly lower than their boiling point.
This temperature setting allows the injected reactants to be gradually vaporized and transferred
to the reaction chamber in the gaseous phase without pre-decomposition.
All the connections should be air-tight during the experiment. Stainless steel Swagelok
fittings were used to connect the tubes and the peripherals of the system. Teflon type ferrules
were used for most of the connections. However, for connections close to the high temperature
area, graphic ferrules were used instead. To avoid damaging the quartz tube inlet/outlet by
fittings when assembling the system, all the tube ends were fired-polished.
Particle samples were collected at the outlet of the entrained flow reactor. Depending on
the analysis methods, different collection setups were used. HR-TEM was used to investigate
the morphology of particulate matter generated in both two reactors. As these effluent particles
were of a very small dimension (< 10 nm), a thermal diffusion effect arose for the collection.11-12
To solve this problem, a “cold-trap” technique was employed based on the fact that high
temperature particulate matter is energy favored to condense or deposit on the cold surface. In
the experiment, a TEM grid held at the end of a brass-made sample stick was positioned closely
at the reactor outlet. During the collection process, the arm of the sample stick was inserted into
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the liquid nitrogen to keep the grip temperature as low as 0 ºC. A GC/MS was used to analyze
the extraction of carbonaceous particulate matter formed in the hydrocarbon combustor. In order
to collect the particulate products quantitatively without causing press build-up in the reactor, its
outlet was inserted into a sample vial under ambient atmosphere. During the collection process,
the sample vial was cryogenically cooled by placing the arm of the brass-made vial holder into
liquid nitrogen.
2.3.3

Experimental Procedure
Since the purpose of this experiment was to investigate the influence of metal oxide

nanoparticles on particle growth and soot formation, it is desirable to use metal oxide
nanoparticles free of carbonaceous material. Therefore, this first part of this experiment was to
determine the optimized conditions for carbonaceous-free metal oxide nanoparticle formation.
Methanolic solutions of fully substituted dendrimer-copper or -iron complexes (G4Me16,
Me = Cu, Fe) were used as metal oxide precursors and delivered into the flow reactor by a
continuous syringe injection. Gas suspended metal oxide nanoparticles were generated through
burning of the organic materials of the precursor at temperatures between 500 to 900 °C. During
the experiment, the particle generator was maintained at an oxygen rich (> 10 times of
stoichiometric combustion) thermal condition to ensure the complete burn-off of the organic
materials, leaving metal oxides as the only composition of solid-phase products. The residence
time (R.T.) was determined to be 30 to 60 seconds for all experiments to ensure the complete
oxidation of metal precursor and methanol, without causing severe aggregation of nanoparticles.
For morphology study, effluent particulate matter was collected independently for HR-TEM
analysis to confirm the formation of metal oxide nanoparticles and removal of organic materials.
The second part of this experiment was to study the thermal decomposition of
hydrocarbon fuel with or without the presence of metal oxide nanoparticles.
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One of the

advantages of this two-zone reactor design is that the formation of metal oxide nanoparticles
could be independently controlled from the combustion of hydrocarbon., In this experiment, the
particle generator was set at 700 °C and the carrier gas flow rate was set at 55 cc/min (room
temperature) to ensure complete burn-off of all organic materials of the precursor. Metal oxide
nanoparticles were introduced to the 2nd reactor chamber by the carrier gas. The hydrocarbon
fuel, 1-methyl-naphthalene, was introduced into the reactor at a constant flow rate by using a
digital syringe pump for injection and a secondary nitrogen stream as carrier gas.
The ratio of metal to hydrocarbon for reaction could be changed by adjusting the
injection rate of 1-methyl-naphthalene or dendrimer-metal methanolic solution.

In this

experiment, the metal concentration to 1-methyl-naphthalene was maintained at 100ppm on a
molar basis1313.14 Fuel to air equivalence ratio (C/O) is one of the key parameters affecting the
formation of PAH and soot. For C/O = 1, the ratio of oxygen to hydrocarbon corresponds to
stoichiometric combustion, in comparison with C/O > 1 and C/O < 1 corresponding to under
stoichiometric and over stoichiometric ratios of oxygen to hydrocarbon, respectively. Since a
fuel rich (C/O > 1) condition is favored by the occurrence of PAH and soot due to incomplete
combustion, C/O values from 1.4 to 5 were used for in this experimental section. To obtain a
comparable result, blank tests were performed using the same experimental parameters except
replacing the metal precursor as methanolic solution of dendrimer. The relationship of total
oxygen input at the inlet of the particle generator and the C/O value used in the hydrocarbon
combustor was given in the following expression:
𝐶𝐶/𝑂𝑂 =

𝑂𝑂𝑠𝑠𝑠𝑠.
× 100%
(𝑂𝑂𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 − 𝑂𝑂𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 . )

Where: C/O is fuel to air equivalence ratio; Ost. is the amount of oxygen required for
stoichiometric combustion for the injected hydrocarbon fuel; Ototal is the amount of oxygen input
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from the inlet of the particle generator; and Opart. is the amount of oxygen consumed by the metal
oxide precursor or non-metal precursor and the corresponding methanol solution assuming a
stoichiometric combustion.
Collection of the effluent carbonaceous particulate matter from the hydrocarbon
combustor for HR-TEM study was similar to the procedure for metal oxide nanoparticle
collection. For quantitative studies by GC/MS, carbonaceous particulate matter collected by the
“cold-trap” vial was added in an organic solvent (chloroform, methanol, ethanol,
dichloromethane, and hexane) and ultrasonically extracted for 20 min.

To minimize the

collection error, each sample was collected 3 times, at 15 min intervals with new sample vials
used. The extraction of the three collections of each sample were combined and condensed to
about 0.5 ml by vaporization under inner atmosphere (U.H.P nitrogen) at room temperature.
Then the remaining supernate was transferred to a micro vial with a volume scale marker and
refilled to 1 ml exactly by the same organic solvent used at the beginning. Finally the extract
was centrifuged for 2 min by using a micro-centrifuge (LW Scientific, model ZS-1, 7000r/min),
and the top clear liquid was analyzed using the Varian Saturn 3800 GC/MS system, which is
equipped with a capillary column (CP-SIL 8CB, 30M x 0.32 mm ID, 0.25 µm film) made by
Chrompack. PAH extracted by organic solvent were identified by comparing their mass spectra
and retention times with standard spectra in NIST library and standard solution.

The

quantification of PAH products was based on relative rather than absolute value, due to the nonclosed collection system.
2.3.4

Analysis and Calculation
As the collections of soot particles for GC/MS analysis were conducted at an open

system, it was impossible to collect all the products in the sample vials. Therefore only relative
yields of products could be calculated for the comparison between metal and non-metal
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experiments. To do so, the relative total carbon value (TC) of the extractable organic materials
from soot particles was calculated using following equation:
𝑇𝑇𝑇𝑇 = �

𝑃𝑃𝑖𝑖
𝐶𝐶𝑖𝑖

Where: Pi is the peak area of products i; Ci is the number of carbon in a molecule of
products i. In order to compare the yield of products due to molecular growth, only PAH species
with more than 11 carbon atoms in a molecule were counted in the calculation of relative total
carbon value, due to the fact that the precursor 1-methylnaphthalene already has 11 carbon atoms
in its molecule. Accordingly, the relative yield of PAH product i was given in the following
equation, where TCn is the highest TC values obtained from the reactions of 1methylnaphthalene combustion.

2.4

Instrumentation Background

2.4.1

HR-TEM

𝑌𝑌𝑖𝑖 =

𝑃𝑃𝑖𝑖
𝑇𝑇𝑇𝑇ℎ

High-resolution TEM (HR-TEM) has been proven to be one of the most useful methods
for the characterization of nanoparticles,14-15 largely due to the small de Broglie wavelength of
electrons. Although other available techniques like X-ray or neutron diffraction can provide
information about some structural features of the nanoparticles, TEM is unique to provide direct
imaging in a real spatial resolution with high magnification.
Basically a TEM can be compared to a slide projector except that the illumination source
of TEM is electron rather than light. The transmitted beam is projected onto a phosphor screen
for the user to see. When the electron beam is generated and transmitted through the very thin
specimen slice, it is affected by the structure and composition of the sample which has been
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targeted. The brightness of a particulate area of the image is proportional to the number of
electrons that have transmitted through the sample.
A modern TEM is a sophisticated viewing system composed of several components,
which include an illumination system, a specimen stage, an imaging system, and a chemical
analysis system.16

From the top down, an electron emission source is the heart of the

illumination system which emits electrons into the vacuum. With the presence of condenser lens
on the upper column, a fine electron beam can be controlled at desired size and location for
sample analysis. To achieve optimized images, which require the uninterrupted passage of
electrons, TEM has to be operated under ultra high vacuum with pressures as low as 10-5 ~ 10-8
torr. The specimen stage and sample holder are designed for in-situ observation and analysis
with the selection of different regions of interest. In the imaging system, objective lens forms an
image on the phosphorescent viewing screen or the camera that used to record the image, while
the intermediate and projector lens are functioning as the magnifier.
A built-in chemical analysis system is an energy dispersive x-ray spectroscope (EDS) or
electron energy-loss spectroscope (EELS), which is attached on the side of the TEM column to
provide quantified information of the chemical composition of the specimen.

Figure 2.6

illustrates the schematic structure of a transmission electron microscope.
2.4.2

XPS
XPS, also known as electron spectroscopy for chemical analysis (ESCA), is a standard

technique in catalyst characterization.17-19 XPS is a highly surface sensitive technique which can
provide information from the top 1-10 nm of materials. When a mono-energetic X-ray beam
irradiates on the sample, the core electron (i.e. electrons that play no significant in chemical
interaction) in the surface atom can absorb the energy of the photon and then escape out of the
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Figure 2.6 Schematic structure of a transmission electron microscope
sample with kinetic energy KE, which can be measured by the energy analyzer. Figure 2.7
illustrates the process of photoelectronic emission.
As the energy of the X-ray photon is pre-determined by the emitting source and wave
length, the binding energy BE of the core electron can be calculated according to the Einstein
relationship:
𝐵𝐵𝐵𝐵 = ℎ𝑣𝑣 − 𝐾𝐾𝐾𝐾 − ∅

Where hν is the energy of the used x-ray photon, Ф is the work function associated with
the spectrometer. Binding energy, which represents the strength of interaction between the
electron and nuclear charge, is characteristic to each element except hydrogen and helium. BE is
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very sensitive to the chemical environment of elements, resulting an “energy shift” (1~10 eV) of
the corresponding XPS peak.

Therefore, the measurement of BE can provide valuable

information of the sample, including elemental identification, chemical state, coordination (types
of ligand, number, stereo-conformation). As the number of the emitted photoelectrons is
proportional to the atomic concentration of that element in the sample, BE is also used to
quantify the chemical composition.

Figure 2.7 Schematic representation of generating a photoelectron from an atom
2.5
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CHAPTER III: RESULTS
A series of advanced scientific instruments have been used in the research described here.
High-resolution transmission electron microscopy (HR-TEM) was chosen to conduct the
morphology analysis of the synthetic nanoparticles. Chemical composition was determined by
X-ray photoelectron spectroscopy (XPS) with regard to the concentration and oxidation state of
elements on the particle surface. A System for Thermal Diagnostic Studies (STDS) was used to
perform the catalysis tests of the prepared metal oxide nanoparticles and impregnated coarse
particles. A two-zone high temperature flow reactor was designed and built for producing gassuspended metal oxide nanoparticles as well as soot-like particulate matter. Morphology of the
combustion generated particulate matter and their extractable composition was investigated using
TEM and GC/MS, respectively.
3.1

Synthesis of Metal Oxide Nanoclusters

3.1.1

The Effect of Calcination Temperatures on Surface Composition
In order to find out the minimum temperature of calcination at which the dendrimer

backbone could be burned off completely on the silica substrate, a series of silica samples
impregnated with G4Cu(II)16 were prepared and calcined at different temperatures varying from
250 to 450 ºC. The chemical composition of each sample obtained from XPS experiments is
presented in Table 3.1.
The concentration of oxygen remained nearly constant at ~50% in all temperatures that
were tested.

Nitrogen and carbon, the major components of dendrimer, both decreased

continuously when the calcination temperature were increased, and became undetectable at 350
ºC for nitrogen and 450 ºC for carbon. The surface concentration of copper species was 1.86%
for the uncalcined sample and decreased from 1.46% to 0.43% as the calcination temperature
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increased from 250 ºC to 450 ºC. The percentage of silica elevated from 34% to 50% with the
increase in temperature.
Table 3.1 Suface composition (elemental wt.%) by XPS method of G4Cu(II)16 supported
on silica and calcined under different temperatures
Element
Carbon
Nitrogen
Oxygen
Copper
Silicon

Calcination Temperature
Uncalcined*
13.18
3.51
47.73
1.86
33.72

250 °C
2.21
0.92
52.04
1.46
43.37

300 °C
0.98
0.27
55.13
1.20
42.42

350 °C
0.82
n.d.
44.83
0.72
53.62

400 °C
0.28
n.d.
42.80
0.52
56.40

450 °C
<0.01
n.d.
49.20
0.43
50.4

*All samples were dried at 120 ºC and then calcined at a prescribed temperature for 5
hours
** n.d. refers to none detected; the limits of detection for nitrogen are 0.01~0.1% for the
3.1.2

Determination of Oxidation State of Metal in Calcined Sample
XANES analysis was employed to study the oxidation state of copper calcined at 450 ºC.

Silica-supported copper oxide nanoclusters prepared using G4Cu(II)16 as a precursor were
compared to the Cu(II) and Cu(I) standard samples. Figure 3.1 depicts the XANES transmission
spectra obtained from various copper oxide samples: a) 5 wt.% G4Cu16/silica calcined at 450
°C, and reference standards of 20 wt.% (b) Cu(II)O and (c) Cu(I)O mechanically mixed with
silica. In the pre-edge zone, the calcined G4Cu16 sample show no peaks, in comparison to a weak
peak at 8.984 keV and a strong peak at 8.9801 keV for reference standards of Cu(II)O and
Cu(I)O, respectively. Another reading of the edge energy was conducted at the maximum
adsorption. The position of adsorption peak was 8.999 keV for both G4Cu16 and standard
Cu(II)O samples, and 8.996 keV for standard Cu(I)O. From the view of the near-post-edge, the
calcined G4Cu16 sample did not show the feature peaks at 9.012 keV which was presented in
both Cu(II)O and Cu(I)O standard references.

60

Figure 3.1 XANES spectra of the CuO nanoclusters supported on silica (5 wt.% CuO/silica)
in comparison with Cu(I)O and Cu(II)O standards
In addition to XANES, XPS analysis was also used to identify the oxidation states of
metal in the nanoclusters samples.

Copper oxide nanoclusters were prepared by the calcined

samples of G4Cun/silica (n=16, 8, 4) and all reference samples were used as received from
venders (>99%). XPS spectra of copper in these nanoclusters and reference samples are depicted
in Figure 3.2 over the binding energy range of 928 to 970 eV.

Figure 3.2 XPS spectra of the CuO nanoclusters supported on silica
(5 wt.% CuO/silica) compared to Cu(I)O and Cu(II)O standards
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In the spectrum of the Cu(II)O reference sample, 2 major peaks at 954.0 and a 933.8 eV
and a group of intense satellite peaks at 940-945 eV were observed. For the Cu(I)O standard
sample, the two major peaks were lined at 952.2 and 932.3 eV, respectively. In contrast to
Cu(II)O, no satellite peaks were observed at the energy range of 940-945 eV. All the XPS
spectra of the three nanocluster samples of G4Cu16, G4Cu8, and G4Cu4 exhibited two major
peaks at the same position of 954.0 and 933.8 eV, though the G4Cu4 possessed an additional
peak at 932.3 eV.

Satellite peaks were also observed at 939-946 eV for all three nanocluster

samples.
XPS spectra of iron oxide samples are depicted in Figure 3.3, including the standard
references of ferric oxide (Fe2O3) and ferrous oxide (FeO), and three calcined samples of G4Fen
(n=16, 8, 4). For the Fe2O3 sample, 2 major peaks at 710.2 and 724.3 eV, as well as an intense
satellite peak at 718.6 eV were observed. The XPS spectrum of FeO was similar to the Fe2O3
sample with 2 major peaks at 710.2 and 724.2 eV, respectively. A broad satellite peak was also
observed at 716-720 eV. Three iron oxide nanocluster samples of G4Fen (n=16, 8, 4) all
exhibited two major peaks at the same position of 710.2 and 724.3 eV respectively. Weak
satellite peaks at 715-721 eV were observed in the spectra of G4Fe16 and G4Fe4, but not in the
spectrum of G4Fe8. It should be noted that the present spectra of Fe2O3 and FeO reference
samples were shifted 2.0 eV and 1.25 eV to the higher energy side from their original data,
respectively, based on the calibration of the carbon peak. This energy shift was due to the result
of charging of the oxides when their reference spectra were taken.1
XPS spectra for nickel oxide samples were depicted in Figure 3.4.

The reference

standard, NiO, exhibited two major peaks at 854.1 and 873.0 eV. Two intense satellite peaks
were observed at 856.2 and 861.2 eV. All three calcined G4Nin (n=16, 8, 4) possessed the same
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two major peaks at 855.1 and 872.3 eV respectively. Weak but broad satellite peaks at 859-863
eV were identified in the spectra of all three G4Nin samples as well.

Figure 3.3 XPS spectra of the iron oxide nanoclusters supported on silica
(5 wt.% Fe2O3/silica) compared to Fe2O3 standards

Figure 3.4 XPS spectra of the nickel oxide nanoclusters supported on silica
(5 wt.% NiO/silica) compared to Ni(II)O standards
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3.1.3

Size-controlled Approaches in Synthesis with Morphology Studies

3.1.3.1 The Effect of Substitution Degree of Dendrimer
Morphology of supported metal oxide nanoclusters that prepared was investigated using
the JEOL 2010 HR-TEM. The initial approach to control the size of supported metal oxide
nanoparticles was accomplished by changing the metal/dendrimer ratio in the solutions of the
precursor. In the case of copper, these precursors were G4Cu(II)16, G4Cu(II)8, and G4Cu(II)4,
which stands for fully, half and quarter substituted dendrimer-copper complexes. Amorphous
silica powder (Cab-O-Sil) was chosen as a solid substrate in the amount corresponding to 5 wt.%
metal oxide loading. For references, blank Cab-O-Sil and uncalcined G4Cu(II)16/Cab-O-Sil
were

also

imaged

using

TEM,

which

were

shown

in

Figure 3.5 (a) and (b), respectively. In these images, the darker gray area stands for the silica
powder and the light gray area is for the carbon support film coated the TEM grid. However, no
nano-size clusters of CuO were found on these samples.

(a)

(b)

Figure 3.5 HRTEM micrographs of (a) blank Cab-O-Sil, and (b) uncalcined
G4Cu(II)16/Cab-O-Sil
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Figure 3.6 presents the TEM micrographs of the silica after impregnation with
dendrimer-Cu(II) complexes followed by thermal oxidation at 450 °C. The appearance of the
dark spots on the gray SiO2 background after the oxidation of deposited dendrimer-metal
complex indicates the formation of metal oxide nanoclusters. Uncalcined samples, though the
micrographs are not shown here, did not yield the dark spots on the silica surface. Particle size
distribution of the metal oxide nanocluster samples was obtained using Igor for statistical data
treatment (see Chapter 2.1). For calcined G4Cun samples, the particle sizes of copper oxide
nanoclusters were 3.27±0.24 nm, 2.37±0.34 nm, and 1.68±0.69 nm for n=16, 8, 4, respectively.
Similar procedures were applied to prepare supported iron oxide and nickel oxide
nanoclusters from their respective dendrimer-metal complexed with different substitution levels.
The TEM micrographs and size distributions were presented in Appendix 1-A. Ni(II) was
reported to coordinate with the amino ending groups of dendrimer in a ratio up to 1:2,2 which
enabled a DAB-Am32 (G4) dendrimer molecule to complex with 16, 8 and 4 Ni(II) ions for full,
half and quarter substitution, respectively. For calcined G4Nin samples (5 wt.% NiO loading on
silica), particle sizes of nickel oxide nanoclusters were obtained from Igor results as 3.03±0.40
nm, 2.58±0.29 nm, and 1.83±0.27 nm for n =16, 8, 4, respectively.
Using the dendrimer/metal ratio to calculate the substitution degree of dendrimer was not
as simple in the case of Fe(III). To exploit the possible maximum coordination numbers of
Fe(III) with the amino ending groups of G4 dendrimer, the ratios of iron ions to dendrimer were
selected as n = 16, 11, 8 and 4. Particle sizes of the iron oxide nanoclusters obtained from the
calcination of G4Fen were 3.07±0.31 nm, 2.79±0.32 nm, 2.60±0.25 nm, and 2.20±0.25 nm for
n=16, 11, 8, 4, respectively. The TEM micrographs and size distributions are presented in
Appendix 1-B.
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n=16

n=8

n=4

Figure 3.6 HR-TEM micrographs and particle size distribution of CuO nanoclusters
supported on silica prepared by calcination (450 ºC, 5hrs) of G4Cu(II)n/silica (n=16, 8, 4)
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3.1.3.2 The Effect of Metal Oxide Loading
Studies of particle size as a function of metal oxide loading on silica support were
performed. By retaining the same concentration of G4Cu(II)16 in precursor solution, the amount
of Cab-O-Sil was added accordingly so that the calculated metal oxide loading on silica was
reduced to 2 wt.% and 1 wt.%, respectively. Both samples were also calcined at 450 °C for 5
hours. The particle sizes of the copper oxide clusters from these two calcined samples were
compared to those of the 5 wt.% sample made previously (Section 3.1.3.1) as depicted in Figure
3.7. Specifically, particle size of CuO nanoclusters obtained from 1, 2 and 5 wt.% metal oxide
loading were 2.40±0.31nm, 2.60±0.34 nm and 3.27±0.24 nm, respectively.

Figure 3.7 Particle size distribution of CuO nanoclusters supported on silica
prepared by calcination of G4Cu(II)16/silica (1 to 5 wt.% CuO loading)
A similar trend of size reduction with decreasing of metal oxide loading was observed in
the case of nickel oxide. G4Ni16/silica samples corresponding to the nickel oxide loading of 1
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and 2 wt.% on silica were prepared and calcined at 450 °C for 5 hours, resulting in the formation
of NiO nanoclusters with sizes of 2.35±0.25 nm and 2.47±0.39 nm, respectively. The particle
size of 5 wt.% sample was depicted previously with a reported value of 3.03±0.40 nm. The
TEM micrographs and size distributions of these three samples are presented in Appendix 1-C.
3.1.3.3 The Effect of “Pre-adsorption” Procedure
In this experimental section, several copper oxide nanocluster samples were prepared
using the revised dendrimer-template method with the additional “pre-adsorption” procedure.
That is, prior to the deposition of dendrimer/copper complexes on silica support by vaporizing
the solvent, the silica substrate was thoroughly impregnated with the precursor solution for 24
hours. Size distribution of copper oxide nanoclusters obtained from samples prepared using this
technique is depicted in Figure 3.8. For samples with 5 wt.% copper oxide loading, the use of
G4Cu16 and G4Cu8 as a precursor resulted in the formation of copper oxide nanoclusters with
sizes of 2.04±0.25 nm and 1.86±0.17 nm, respectively. G4Cu16 was also used to produce copper
oxide nanocluster samples with lower metal oxide loadings of 1 and 2 wt.% and resulted in the
formation of copper oxide nanoclusters with size of 1.76±0.25nm and 1.55±0.21nm,
respectively.
In the side-by-side comparison with those prepared by the regular “non pre-adsorption”
procedure, the use of “pre-adsorption” resulted in a significant size reduction of copper oxide
nanoclusters. Specifically, there is a 38% decrease for 5 wt.% G4Cu16, a 32% decrease for 2
wt.% G4Cu16, a 35% decrease for 1 wt.% G4Cu16 and a 22% decrease for 5 wt.% G4Cu8.
Although EDS analysis indicated the presence of copper associated with the silica, use of the
“pre-adsorption” method for the 5 wt.% G4Cu4 sample resulted in no nanoclusters visible under
TEM examination.
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(a)

(b)

(c)

(d)

Figure 3.8 Comparison of particle size distribution of supported CuO nanocluster prepared
by dendrimer-templates method with and without “pre-adsorption” procedure
3.1.3.4 The Effect of Calcination Temperature (> 450 °C)
In an effort to increase the spectrum of the nanoclusters sizes from the same generation of
the dendrimer-metal precursor, the cluster “growing” approach was used. This technique utilized
the increasing mobility of nanoclusters with elevating temperatures to increase the cluster size
during the calcination process. As seen in Figure 3.9 and Table 3.2 (detailed information of size
distribution are presented in Appendix 1-D, the mean size of CuO clusters shifted from 2.04 to
5.64 nm when the calcination temperature of 5 wt.% G4Cu16(II)/silica was elevated from 450 to
650 °C.

It should be mentioned that these samples were treated with the “pre-adsorption”

process to minimize the agglomeration of dendrimer before calcination.
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Table 3.2 Particle size of CuO nanoclusters as a function of calcination temperatures
Sample
1 wt.% G4Cu16(II)/Silica
1 wt.% G4Cu16(II)/Silica
1 wt.% G4Cu16(II)/Silica
5 wt.% G4Cu16(II)/Silica
5 wt.% G4Cu16(II)/Silica
5 wt.% G4Cu16(II)/Silica
5 wt.% G4Cu16(II)/Silica

Ave. Size of Nanoclusters (nm)
Calcination
Mean diameter
temp (°C)
(nm)
450
1.55
550
1.84
600
2.09
450
2.04
550
3.17
600
4.09
650
5.64

Std. Deviation
(nm)
0.21
0.55
0.76
0.25
0.71
1.59
2.52

Although the calcination temperature did show a significant impact on the clusters sizes
of 5 wt.% copper oxide samples, which percentage increase were ~55% for ~550 °C, ~100% for
600 °C and ~180% for 650 °C when compared to 450 °C, this was not the case for samples with
lower metal oxide loading. Specifically, for 1 wt.% copper oxide samples, increasing calcination
temperature from 450 °C to 550 °C and 600 °C only resulted in ~17% and ~28% increase of the
sizes of copper oxide nanoclusters, respectively.

(a)

(b)

Figure 3.9 (a) Comparison of the CuO cluster size supported on silica achieved from the
calcinations of 5 wt.% G4Cu (II)16/silica at various temperatures (450 to 650 °C). (b)
Crystalline-like CuO nanoclusters were easily found in sample calcined at 650 °C
(diffraction pattern image taken at a large CuO cluster > 10 nm)
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3.1.3.5 The Effect of Supporting Substrates
To explore the universal application of this dendrimer based method for nanocluster
fabrication, we have extended our technique to other supports in addition to Cab-O-Sil silica.
Sub-micron size titanium oxide particles were therefore selected as the supporting substrate for
copper oxide nanoclusters, which were produced using the same “pre-adsorption” procedure for
silica samples. The calcination of G4Cu(II)16/TiO2 (5 wt.%) at 450 °C resulted in the formation
of copper oxide nanoclusters with a size of 2.20±0.25 nm (c.f. Figure 3.10).

Figure 3.10 Copper oxide nanoclusters supported on Titania using
“pre-adsorption” method for 5 wt.% G4Cu(II)16/silica
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3.2
Thermal Decomposition of Chlorinated Benzenes over Different Size Metal Oxide
(Particles) Catalysts
3.2.1

Preparation of Catalysts and Blank Test
In this catalysis experiments, the candidate of nano-size catalysts were prepared by the

dendrimer-based method. According to the substitution degree of dendrimer in precursor, these
samples were labeled as G4Men (Me = Cu, Fe, n = 16, 8, 4). Based on the experimental results
presented in Chapter 3.1, the size distribution of these metal oxide clusters was ranged from 1-4
nm, as listed in Table 3.3 Brief label and composition of catalysts studied.

The surrogate of

coarse metal oxide particles was prepared using the traditional incipient wetness impregnation
method. As indicated by the TEM micrographs shown in Figure 3.11, “giant” clusters with size
as large as several hundred nanometers are not rare anymore. With their sizes varied widely
from several to several hundred nanometers, it is impossible to obtain a meaningful size
distribution of these samples. Similar phenomenon of uniform “giant” clusters of iron oxide
catalysts prepared by impregnation method is expected.

In fact, XRD analysis of both

impregnated CuO and Fe2O3 show strong crystalline peaks in their spectra, which is not the case
in their nano-size analogues (Appendix 3). All the catalysts were pre-activated (400 ºC, 1 hour,
and ambient atmosphere) within 12 hours of the catalysis test. This procedure was to remove the
potential surface adsorbed water vapor and organics during storage.

Table 3.1Table 3.3

summarizes the catalysts used in this experiment.
Before determining the catalytic activity of substrate-supported metal oxide clusters, it is
necessary to run the blank tests, including both empty reactor and pure substrate (Cab-O-Sil
silica) under the same reaction condition for catalysis test. Figure 3.12(a) shows the conversion
of o-DCBz under pyrolytic and oxidative condition at temperature from 250 to 550 ºC. Figure
3.12(b) shows the conversion of MCBz under pyrolytic and oxidative condition at temperature
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from 300 to 550 ºC. At the highest reaction temperature of 550 ºC, there was only 8% o-DCBz
and 4% MCBz being converted. Furthermore, except for the reactants o-DCBz and MCBz, no
other products were detected in the blank tests.

Figure 3.11 Silica supported copper oxide catalysts prepared by incipient wetness
impregnation method

Table 3.3 Brief label and composition of catalysts studied
Catalysts

Preparation Method

G4Cu16
G4Cu8
G4Cu4
ImpCu
G4Fe16
G4Fe8
G4Fe4
ImpFe
Blank***

Dendrimer-Template
Dendrimer-Template
Dendrimer-Template
Impregnation
Dendrimer-Template
Dendrimer-Template
Dendrimer-Template
Impregnation
-

*
**
***

Me*/G4
Molar Ratio
16
8
4
16
8
4
-

% MxOy**

Size (nm)

4.93
4.87
5.11
4.97
4.79
5.08
4.95
5.13
0

3.3
2.4
1.7
1~1000
3.1
2.6
2.2
1~1000
-

Metal ion (Cu2+ or Fe3+)
Metal oxide loading (wt.% MxOy) on silica support (ICP-MS Results)
Non-metal contained Cab-O-Sil®
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(a)

(b)
Figure 3.12 Conversion of (a) 1,2-dichlorobenzene and (b) monochlorobenzene in the
blank test
3.2.2

Copper Catalyzed Decomposition (Pyrolysis) of 1,2-Dichlorobenzene
The conversion of o-DCBz over the various copper oxide catalysts (5 wt% metal oxide

loading) supported on powder formed silica (Cab-O-Sil) under pyrolytic condition is depicted in
Figure 3.13 as a function of the reaction temperature. At 350 ºC more than 50% o-DCBz was
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converted over calcined G4Cu(II)n catalyst while only 13% for the IMPCu sample. At 450 ºC the
average conversion of o-DCBz over the G4Cun was 88% (88.4% for G4Cu16, 94.1% for G4Cu8
and 81.4% for G4Cu4) while only 46% for IMPCu. At 550 ºC almost 100% conversion of oDCBz was achieved in all cases.
Pyrolysis of o-DCBz produced various hydrocarbon species. Table 3.4 summarizes the
yield of each product from the reactions over two different types of catalysts: Coarse and Nano,
which are referred to catalysts prepared by incipient wetness dendrimer-template method,
respectively. It should be noted that the values for the Nano case were given as the average of
those from all three G4Cu(II)n cases. Such averaging treatment was also employed in all other
catalysis experiments. Detail information of products yield over each catalyst is presented in
Appendix 2-A.
The formation of benzene (Bz) and monochlorobenzene (MCBz) over G4Cun catalysts
achieved their maximum yields as 1.6% at 500 ºC and 0.57% at 350ºC, respectively. In the
IMPCu case, the maximum yields were 0.081% at 500ºC for Bz and 0.20% at 400ºC for MCBz.
The yield of benzofuran (BF) achieved its maximum at 0.10% at 400ºC for G4Cun and 0.023% at
450ºC for IMPCu. Phenol was formed with a maximum yield of 0.22% at 350ºC in the case of
G4Cun and 0.013% at 400ºC in the IMPCu case. The formation of trichlorobenzene (1,2,3+1,2,4TriCBz) reached maximum yields at 350ºC in both cases of G4Cun (0.066%) and IMPCu
(0.11%). Naphthalene (NP) and biphenyl (BP) formed in the case of G4Cun were observed with
maximum yields of 0.012% at 350 ºC and 0.076%ºC at 400 °C, respectively, in comparison to
0.0021% at 400 ºC and 0.011% at 350 ºC for IMPCu.

Dibenzofuran (DF) was the only

consistently observed PCDD/Fs product in this series of experiments. It was maximally formed
at 0.16% at 450ºC over G4Cun while only 0.018% at 350 ºC in the IMPCu case.
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Figure 3.13 Conversion of 1,2-dichlorobenzene over
CuO/silica under pyrolytic condition
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Table 3.4 Comparison of products yield (%) from the nano and coarse CuO surface-mediated pyrolysis of o-DCBz
Temperature (°C)
Benzene
Chlorobenzene
Phenol
Benzofuran
Trichlorobenzene
Naphthalene
Biphenyl
Dibenzofuran

250

300

350

400

450

500

550

Coarse

-

0.003

0.008

0.027

0.033

0.081**

0.062

Nano*

0.005

0.037

0.17

0.42

1.1

1.6

0.56

Coarse

-

0.002

0.054

0.20

0.13

0.10

0.08

Nano

0.040

0.29

0.57

0.32

0.19

0.22

0.074

Coarse

-

-

-

0.012

0.004

0.004

0.016

Nano

0.004

0.063

0.22

0.088

0.062

0.033

0.019

Coarse

-

0.001

0.001

0.010

0.024

0.020

0.023

Nano

-

0.038

0.089

0.10

0.067

0.041

0.014

Coarse

-

0.033

0.11

0.068

0.073

0.031

0.013

Nano

0.010

0.026

0.067

0.028

0.019

0.014

0.002

Coarse

-

-

0.001

0.002

0.001

0.001

0.001

Nano

-

0.003

0.009

0.012

0.001

0.001

-

Coarse

-

-

0.011

0.007

-

-

-

Nano

0.001

0.024

0.076

0.036

0.026

0.014

0.011

Coarse

-

-

0.019

0.014

0.008

0.009

0.007

Nano

0.025

0.041

0.072

0.075

0.17

0.11

0.076

Size
Effect***
++
+
++
+
+
+
++

* The data for nanoparticles are the results averaged from that of G4Cu4, G4Cu8 and G4Cu16
** Data in bold font is referred to the maximum yield obtained in the test temperature range
*** The signs of “+” and “++” indicate the products yields in Nano case is 2x~10x and >10x higher than those in Coarse case,
respectively. In contrast, the signs of “-” and “--” indicate the products yields in Coarse case is 2x~10x and >10x higher than
those in Nano case, respectively.
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3.2.3

Copper Catalyzed Decomposition (Oxidation) of 1,2-Dichlorobenzene
The conversion of o-DCBz over the various copper oxide catalysts (5 wt.% metal

loading) supported on powder formed silica (Cab-O-Sil) under oxidative condition is depicted in
Figure 3.14 as a function of the reaction temperature. The trend of conversion with respect to
temperature showed a similar Sigmoid-shaped dependence as those in pyrolysis but achieved
maximum conversion quicker. At 350 ºC, more than 75% o-DCBz was converted from the
average results over the three G4Cux catalysts and 49% for the IMPCu sample. More than 99%
of DCBz was converted at 450 ºC in the case of G4Cu(II)n, in comparison to only 70% and 98%
conversion at 450 ºC and 550 ºC, respectively, for IMPCu catalyst. .
Oxidation of o-DCBz resulted in less product formation than in pyrolysis. Table 3.5
summarized the average yield of products from nanosize catalysts, with the comparison to that of
IMPCu. Detailed information of product yields over each catalyst can be found in Appendix 2B.
The formation of trichloroethylene (TriCE) and tetrachloroethylene (TeCE) over G4Cun
achieved their maximum yield (average) of 0.11% and 1.2% at 400 ºC, respectively. In the case
of IMPCu catalyst, the maximums were 0.022% at 450 ºC for TriCE and 0.15% at 400 ºC for
TeCE. Other observed products were higher chlorinated benzenes only. The formation of
trichlorobenzene

(1,2,3+1,2,4-TriCBz),

tetrachlorobenzene

(1,2,3,4+1,2,3,5-TeCBzs),

pentachlorobenzene and hexachlorobenzene were detected in maximum yields over G4Cun as
2.9% at 350 ºC, 0.38% at 450 oC, 0.13% at 400 oC, and 0.21% at 350 oC, compared with the
results over IMPCu as 9.9% at 350 ºC, 2.8% at 450 oC, 1.3% at 450 oC, and 1.2% at 450 oC.
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Figure 3.14 Conversion of 1,2-dichlorobenzene over
CuO/silica under oxidative condition
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Table 3.5 Comparison of products yield (%) from the nanosize and coarse CuO surface-mediated oxidation of o-DCBz
Temperature (°C)
Trichloroethylene

Tetrachloroethylene

Trichlorobenzene

Tetrachlorobenzene

Pentachlorobenzene

Hexachlorobenzene

250

300

350

400

450

500

550

Coarse

-

-

0.001

0.015

0.022**

0.009

0.002

Nano*

0.003

0.017

0.10

0.11

0.019

0.004

0.001

Coarse

-

0.007

0.071

0.094

0.15

0.32

0.19

Nano

0.010

0.064

0.46

1.1

0.24

0.068

0.024

Coarse

0.22

5.3

9.9

8.2

8.8

2.6

0.22

Nano

0.37

1.4

2.9

2.2

0.72

0.21

0.057

Coarse

0.092

0.31

0.42

0.57

2.8

1.6

0.30

Nano

0.027

0.19

0.29

0.38

0.22

0.11

0.090

Coarse

0.009

0.052

0.087

0.27

1.3

0.75

0.19

Nano

0.006

0.053

0.065

0.16

0.32

0.057

0.009

Coarse

0.034

0.028

0.30

0.73

1.2

0.044

0.003

Nano

0.001

0.019

0.038

0.082

0.076

0.033

0.005

Size
Effect***
+

+

-

-

-

--

* The data for nanoparticles are the results averaged from that of G4Cu4, G4Cu8 and G4Cu16
** Data in bold font is referred to the maximum yield obtained in the test temperature range
*** The sign of “+”indicates the products yields in Nano case is 2x~10x higher than those in Coarse case. In contrast, the sign of
“-”indicates the products yields in Coarse case is 2x~10x higher than those in Nano case.
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3.2.4

Iron Catalyzed Decomposition (Pyrolysis) of 1,2-Dichlorobenzene
The conversion of o-DCBz under pyrolytic conditions over various iron oxide

nanoclusters G4Fen and coarse particles of IMPFe supported on silica (Cab-O-Sil) are depicted
in Figure 3.15 as a function of the reaction temperature. At 350 ºC, more than 45% o-DCBz
was converted over the G4Fen catalysts while only 25% was converted over the IMPFe samples.
At 450 ºC, the average conversion of o-DCBz over the G4Fen was 89% (88% for G4Fe16, 92%
for G4Fe8 and 86% for G4Fe4) while only 57% for the impregnated samples. At 550 ºC almost
100% conversion of o-DCBz was achieved for each catalyst sample.
Various products were detected from the pyrolytic decomposition of o-DCBz over iron
oxide catalysts. Table 3.6 summarizes the average yield of products from nanosize catalysts, in
comparison to that of the IMPFe case. Detailed information of product yield over each catalyst
can be found in Appendix 2-C. The formation of Bz and MCBz achieved their maximum yields
(average) as 4.9% at 500ºC 11.9% at 450 ºC respectively, over the G4Fen catalyst. In the coarse
catalyst case, the maximum yields are 0.034% at 550 ºC for Bz and 4.2% at 500 ºC for MCBz.
The yield of BF reached maxima at 0.21% at 450-500 ºC for G4Fen and 0.060% at 500 ºC for
IMPFe, respectively. Phenol was formed with a maximum yield of 0.56% at 500 ºC over the
catalysts of G4Fen and 0.024% at 550 ºC in the case of IMPFe. In addition to the formation of
phenol, monochlorophenol (MCP) and dichlorophenol (DCP) were observed with a combined
maximum yield of 0.28% at 450-500 ºC from G4Fen, compared to 0.097% at 550 ºC from
IMPCu catalyst. Formation of trichlorobenzene (1,2,3+1,2,4-TriCBz) reached its maximum yield
of 1.85 at 450 ºC in the cases of G4Cun and 5.6% at 500 ºC for IMPFe. Formation of biphenyl
(BP) was observed with a maximum yield of 0.034% at 500 ºC over G4Fen, while undetected
from the reaction using IMPFe.

Dibenzofuran (DF) was the only consistently observed
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PCDD/Fs product in this series of experiments. It was maximally formed 0.18% at 500 ºC for
G4Fen and only 0.030% at 500 ºC for IMPFe.

Figure 3.15 Conversion of 1,2-dichlorobenzene over
Fe2O3/silica under pyrolytic condition
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Table 3.6 Comparison of products yield (%) from the nano-size and coarse Fe2O3 surface-mediated pyrolysis of o-DCBz
Temperature (°C)
Benzene
Chlorobenzene
Phenol
Benzofuran
Trichlorobenzene
Tetrachlorobenzene
Chlorophenol
Biphenyl
Dibenzofuran

Coarse
Nano*
Coarse
Nano
Coarse
Nano
Coarse
Nano
Coarse
Nano
Coarse
Nano
Coarse
Nano
Coarse
Nano
Coarse
Nano

250

300

350

400

450

500

550

0.002
0.001
-

0.004
0.010
0.007
0.32
0.28
0.002
-

0.044
0.04
0.016
0.034
0.018
0.001
0.39
1.3
0.005
0.014
0.011
0.001

0.004
0.050
0.018
0.31
0.031
0.06
1.1
1.6
0.14
0.019
0.11
0.003
0.022

0.025
0.70
0.10
11
0.34
0.22
3.8
1.8
0.071
0.088
0.28
0.014
0.17

0.31
4.9
4.2
8.9
0.010
0.57
0.060
0.21
5.9
0.63
0.011
0.18
0.067
0.29
0.035
0.030
0.19

0.34
3.1
3.1
4.8
0.024
0.013
0.024
0.015
0.47
0.18
0.039
0.097
0.055
0.002
0.010
0.066

Size
Effect***
++
+
++
+
-

+
++
+

* The data for nanoparticles are the results averaged from that of G4Cu4, G4Cu8 and G4Cu16
** Data in bold font is referred to the maximum yield obtained in the test temperature range
*** The signs of “+” and “++” indicate the products yields in Nano case is 2x~10x and >10x higher than those in Coarse case,
respectively. In contrast, the signs of “-” and “--” indicate the products yields in Coarse case is 2x~10x and >10x higher than those
in Nano case, respectively.
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3.2.5

Iron Catalyzed Decomposition (Oxidation) of 1,2-Dichlorobenzene
The conversion of o-DCBz over the various iron oxide catalysts (5 wt% metal loading)

supported on powder formed silica (Cab-O-Sil) under oxidative condition is shown in Figure
3.16 as a function of the reaction temperature.

The trends of conversion with respect to

temperature showed a similar Sigmoid-shaped dependence as those in pyrolysis but achieved
maximum conversion quicker. At 350 ºC, more than 75% o-DCBz was converted from the
average results over the three G4Fex and only 19% for the impregnated samples. More than 95%
of o-DCBz was converted at 450 ºC in the case of G4Fen, in comparison to only 75% and 98%
conversion at 450 ºC and 550 ºC, respectively, for IMPFe catalyst.
Similar to the decomposition of o-DCBz over copper oxide catalysts, fewer products
were formed than from pyrolytic conditions. Table 3.7 summarizes the average yield of products
from all three nanosize catalysts, with the comparison to that of IMPFe case.

Detailed

information of products yield over each catalyst can be found in Appendix 2-D.
The formation of trichloroethylene (TriCE) and tetrachloroethylene (TeCE) achieved
their maximum yields of 0.31% and 0.72% at 400 ºC for G4Fen. In the impregnated catalyst
case, the maximum yields were 0.057% at 500 ºC for TriCE and 0.11% at 450 ºC for TeCE.
Other observed major products are higher chlorinated benzenes.
trichlorobenzene

(1,2,3+1,2,4-TriCBz),

tetrachlorobenzene

The formation of

(1,2,3,4+1,2,3,5-TeCBzs),

pentachlorobenzene and hexachlorobenzene were detected in maximum yields over G4Fen as
1.1% at 400 ºC, 0.40% at 400 ºC, 0.057% at 400 oC, and 0.10% at 400 oC, compared with the
results over IMPFe as 1.5% at 450 ºC, 0.15% at 450 oC, 0.066% at 400 oC, and 0.022% at 400
o

C.
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Figure 3.16 Conversion of 1,2-dichlorobenzene over
Fe2O3/silica under oxidative condition

.
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Table 3.7 Comparison of products yield (%) from the nanosize and coarse Fe2O3 surface-mediated oxidation of o-DCBz
Temperature (°C)
Trichloroethylene

Tetrachloroethylene

Trichlorobenzene

Tetrachlorobenzene

Pentachlorobenzene

Hexachlorobenzene

250

300

350

400

450

500

550

Coarse

-

-

0.013

0.023

0.027

0.057**

-

Nano*

0.011

0.049

0.12

0.31

0.093

0.045

-

Coarse

-

-

0.035

0.018

0.11

0.038

-

Nano

0.001

0.013

0.12

0.72

0.15

0.15

-

Coarse

0.085

-

0.40

1.1

1.5

1.0

-

Nano

0.36

0.56

0.52

1.1

0.68

0.34

-

Coarse

-

-

-

0.066

0.15

0.007

-

Nano

0.027

0.079

0.11

0.40

0.13

0.045

-

Coarse

-

-

0.004

0.066

-

0.014

-

Nano

0.010

0.019

0.029

0.057

0.007

0.007

-

Coarse

-

-

-

0.022

0.005

-

-

Nano

-

-

0.053

0.010

0.025

0.01

-

Significant
Change***
+

++

-

+

-

* The data for nanoparticles are the results averaged from that of G4Cu4, G4Cu8 and G4Cu16
** Data in bold font is referred to the maximum yield obtained in the test temperature range
*** The signs of “+” and “++” indicate the products yields in Nano case is 2x~10x and >10x higher than those in Coarse case,
respectively. In contrast, the signs of “-” and “--” indicate the products yields in Coarse case is 2x~10x and >10x higher than those
in Nano case, respectively.
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3.2.6

Iron Catalyzed Decomposition (Pyrolysis) of Chlorobenzene
The conversion of MCBz under pyrolytic conditions over G4Fen and IMPFe catalysts are

depicted in Figure 3.17 as a function of the reaction temperature. Compared to o-DCBz, MCBz
is harder to decompose as indicated by the trend of its conversion. At 400 ºC there was only
~30% (average) MCBz converted over G4Fen catalysts and only 11% for IMPFe. However,
about 90% of MCBz was converted over G4Fen when temperature increased to 450 °C, and 42%
conversion for IMPFe. At 550 ºC the conversion of MCBz was >99% for all G4Fen catalysts and
91% for IMPFe.
Various products were detected from the pyrolytic decomposition of MCBz over iron
oxide catalysts. Table 3.8 summarized the average yield of products from all three nanosized
catalysts, with the comparison to that of IMPFe. Detailed information of product yield over each
catalyst can be found in Appendix 2-E.
Significant yields of Bz were observed over both G4Fen and IMPFe catalysts.

The

maximum yields of Bz was 44% at 500 °C for G4Fen and 15% at 550 °C for IMPFe. The yield
of BF reached a maximum of 0.31% at 500 ºC for G4Fen and 0.15% at 500 ºC for IMPFe.
Maximum Phenol yield was 0.27% at 500 ºC over G4Fen catalyst and 0.19% at 550 ºC over
IMPFe. Non-chlorinated phenols were detected. Dichlorobenzene was formed with a maximum
yield of 0.39% at 400ºC for IMPFe and less than 0.1% at all temperatures for G4Fen. Biphenyl
(BP) was observed with a maximum yield of 0.02% at 500 ºC over G4Fen, and 0.24% at 550 ºC
from the reaction over IMPFe. The only observed PCDD/Fs product, Dibenzofuran (DF), was
maximally formed at 0.62% at 500 ºC in G4Fen case and 0.77% at 550 ºC in IMPFe case.
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Figure 3.17 Conversion of monochlorobenzene over
Fe2O3/silica under pyrolytic condition
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Table 3.8 Comparison of products yield (%) from the nanosize and coarse Fe2O3 surface-mediated pyrolysis of MCBz
Temperature (°C)
Benzene
Toluene
Phenol
Benzofuran
Dichlorobenzene
Naphthalene
Biphenyl
DiPhenyl-Ether
Dibenzofuran

300
0.005
0.036
0.067
0.029
-

350
0.13
1.1
0.001
0.004
0.081
0.066
0.003
0.016

400
0.75
4.6
0.005
0.004
0.045
0.39
0.075
0.004
0.003
0.011

450
3.7
22
0.012
0.27
0.066
0.053
0.19
0.27
0.027
0.010
0.022
0.025
0.014
0.14

500
6.6
44
0.022
0.13
0.27
0.069
0.31
0.10
0.044
0.022
0.038
0.12
0.023
0.042
0.14
0.62

550
15
30
0.010
0.005
0.19
0.15
0.14
0.18
0.005
0.026
0.012
0.24
0.080

SizeEffect*
+
+

+
-

-

0.041
0.012
0.77
0.32

* The data for nanoparticles are the results averaged from that of G4Cu4, G4Cu8 and G4Cu16
** Data in bold font is referred to the maximum yield obtained in the test temperature range
*** The signs of “+”indicates the products yields in Nano case is 2x~10x higher than those in Coarse case. In contrast, the signs
of “-”indicates the products yields in Coarse case is 2x~10x higher than those in Nano case.
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3.2.7

Iron Catalyzed Thermal Degradation (Oxidation) of Chlorobenzene
The conversion of MCBz under oxidative conditions over G4Fen and IMPFe catalysts is

shown in Figure 3.18 as a function of the reaction temperature. The trends of conversion with
respect to temperature showed a similar Sigmoid-shaped dependence as those in pyrolysis but
achieved the same conversion ratio at lower temperature. At 400ºC ~70% MCBz was converted
from the average results over the three G4Fen and only 37% for the impregnated samples. About
90% of MCBz was converted at 450 ºC in reaction with G4Fen, in comparison with only 64%
conversion at 450 ºC in the reaction over IMPFe.
Very few products were observed from the oxidative reaction of MCBz over iron oxide
catalysts. Table 3.9 summarizes the average yield of products from all three nanosized catalysts,
with the comparison to that of the IMPFe case. Detailed information of product yield over each
catalyst can be found in Appendix 2-F.
The formation of trichloroethylene (TriCE) achieved a maximum yield of 0.1% at 400 ºC
over G4Fen. No TriCe was detected in reaction over IMPFe. DCBz was detected maximally in a
wide temperature range for both G4Fen and IMPFe. Specifically, there was 0.74 to 1.0% yield of
DCBz for G4Fen at temperatures of 350-450 ºC, and 0.51 to 0.61% for IMPFe at temperatures of
350-500 ºC.
3.3

Flow Reactor Studies of Soot Formation Mediated by Metal Oxide Nanoparticles

3.3.1

Generation of Gas-Suspended Metal Oxide Nanoparticles
Using a thermoelectric flow reactor (particle generator), methanolic solutions of

dendrimer-metal complexes were used to produce gas-suspended metal oxide nanoparticles at
temperatures from 500 to 900 °C under oxidative conditions. Initial efforts to explore the
optimized conditions for the formation of metal oxide nanoparticles were performed by using
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Figure 3.18 Conversion of monochlorobenzene over
Fe2O3/silica under oxidative condition
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Table 3.9 Comparison of products yield (%) from the nanosize and coarse Fe2O3 surface-mediated oxidation of MCBz
Temperature (°C)
Trichloroethylene

Dichlorobenzene

300

350

400

450

500

550

Coarse

ND.

ND.

ND.

ND.

ND.

ND.

Nano*

0.003

0.036

0.10

0.034

0.007

ND.

Coarse

0.12

0.51

0.60

0.55

0.59

0.10

Nano

0.35

0.74

1.0

0.86

0.49

0.19

Size
Effect***
++

* The data for nanoparticles are the results averaged from that of G4Cu4, G4Cu8 and G4Cu16
** Data in bold font is referred to the maximum yield obtained in the test temperature range
*** The signs of “+” and “++” indicate the products yields in Nano case is 2x~10x and >10x higher than those in Coarse case,
respectively. In contrast, the signs of “-” and “--” indicate the products yields in Coarse case is 2x~10x and >10x higher than
those in Nano case, respectively.
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G4Cu(II)16 methanolic solution (2mM equivalent concentration of Cu) as a precursor. Though
the formation of copper oxide nanoparticles was observed in all tested temperatures using TEM
and EDS, carbonaceous materials due to the incomplete combustion were also observed for the
relative low temperatures cases (500 and 600 °C). Figure 3.19 shows the TEM micrograph of
samples collected in the 500 °C experiment. Carbonaceous materials were observed with sizes
from several nanometers to several hundred nanometers (in the form of agglomeration). The
inset image taken at the central part of the figure indicated the presence of higher density
nanoparticles (ave. 2.03±0.35 nm) on or in the carbonaceous materials. Results of EDS spectra
indicated these darker nanoparticles were copper oxide.

Figure 3.19 HRTEM micrograph of the particulate matter produced by the combustion of
G4Cu(II)16/methanol precursor at 500 °C. The agglomerated carbonaceous particles were the
products of incomplete combustion due to low reactor temperature. Copper oxide nanoparticles
with size 1-2nm were embedded in the carbonaceous residuals, as shown in the inset
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Compared to the 500 °C case, less carbonaceous material was observed on the TEM grid
sample used in the 600 °C experiments. Meanwhile, most copper oxide nanoparticles were
found in areas free of such carbonaceous particulate matters. Figure 3.20a presents the TEM
micrograph of these copper oxide nanoparticles and their size distribution, with an average of
2.35±0.44 nm. Experiments performed at a temperature of 700 °C also produced carbon-free
copper oxide nanoparticles with rather uniform size of 2.85±0.40 nm (c.f. Figure 3.20b).
However, no carbonaceous particulate matter was observed using TEM imaging. When the
temperature was increased to 900 °C, larger crystalline copper oxide particles with sizes of 40 to
80 nm were observed due to the thermal aggregation (c.f.Figure 3.21).

(a)

(b)
Figure 3.20 HRTEM micrographs of the particulate matter produced by the combustion of
G4Cu(II)16/methanol precursor at 600 (a) and 700 °C (b). Uniformed size copper (oxide)
nanoparticles were observed. However, there is still some carbonaceous residuals found for
sample collected at 600°C, but not the case for 700 °C.
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Figure 3.21 HRTEM micrograph of the particulate matter produced by the combustion of
G4Cu(II)16/methanol precursor at 900 °C. Large crystalline copper (oxide) nanoparticles
(40-80 nm) were observed

The generation of iron oxide nanoparticles was obtained using G4Fe(III)16 methanolic
solution (2mM equivalent concentration of Fe) as a precursor. With the same experimental
setting as those for copper, carbon-free iron oxide nanoparticles were observed at temperatures
of 600 and 700 °C, though there was still some carbonaceous residue in the former. Figure 3.22
presents the TEM micrograph of sample collected in the 700 °C experiments which show the
formation of iron oxide nanoparticles with a size of 3.19±0.41 nm.

Figure 3.22 HRTEM picture of the particulate matter produced by the combustion
of G4Fe(II)16/methanol precursor at 700 °C
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3.3.2

Morphology Studies of Soot Formation
Soot-like particulate matter could be produced in this custom designed flow reactor with

the appropriate setting of temperature and fuel-to-air equivalent ratio C/O. Figure 3.23a is a
bright field TEM micrograph of soot particles collected at the flow reactor outlet when burning
methylnaphthalene at 1100 °C (C/O = 5) with the presence of iron oxide nanoparticles. These
soot particles were composed of carbonaceous materials and in spherical shape with an average
diameter of 33.7 nm. Figure 3.23b is a high resolution lattice image of a methylnaphthalene
soot particle. The graphic ordered domains indicated by the layered structures can be observed in
regions (I) and (II). The lattice fringes from (I) and (II) corresponded to the interlayer spacing
(d002) between the graphitic layers and typically measured at 0.43nm, in contrast to the d002
spacing of standard graphite which being reported as 0.34 nm.3
The addition of iron oxide nanoparticles to the pyrolytic combustion of 1methylnaphthalene did not result in a noticeable difference on the morphology of soot particles.
Figure 3.24 HRTEM image of soot produced by burning methylnaphthaleneshows the HRTEM
micrographs of a methylnaphthalene soot particle produced without the additions of metal oxide
nanoparticles. However, the threshold of C/O for soot particle detection in experiments with
addition of iron oxide nanoparticles did drop to a lower value in comparison to that for the nonmetal experiments.

Figure 3.25 HRTEM image of soot produced by burning

methylnaphthaleneshows HR-TEM images of a series of carbonaceous products collected from
experiments using different C/O values (1.4, 1.6, 2.0, 2.5, 5.0). In the non-metal experiments,
irregular shaped carbonaceous materials were dominant at a low C/O value (1.4-2.0) conditions.
When C/O value was increased to 2.5, chain-like soot particles were observed as well as
carbonaceous particulate matter. For C/O = 5.0, the only observed carbonaceous particulate
matter was soot, which is in the form of larger agglomeration than those of C/O = 2.5. With the
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(a)

(b)
Figure 3.23 HRTEM image of soot produced by burning methylnaphthalene
at 1100 °C in the flow reactor with addition of iron oxide nanoparticles, C/O = 5

addition of iron oxide nanoparticles, the carbonaceous products due to the incomplete
combustion show more structural features than those formed in non-metal experiments. For C/O
= 1.4 and 1.6, though no onion-like soot particles were observed, the agglomeration of
carbonaceous materials were denser and particle-like than those formed in non-metal
experiments. Increasing C/O ratios to 2.0-5.0 resulted in the formation of soot particles. Similar
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to the non-metal case, the observed population of soot particles and their size of agglomeration
also increased with C/O values. In a side-by-side comparison between iron-oxide-addition and
non-metal experiments (C/O = 5.0), the observed population of soot particles was much higher in
the former case.

(a)

(b)
Figure 3.24 HRTEM image of soot produced by burning methylnaphthalene
at 1100 °C in the flow reactor, C/O = 5
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Methylnaphthalene + iron (oxide)
nanoparticles

Methylnaphthalene Only
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1.6
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5.0

Figure 3.25 HRTEM image of soot produced by burning methylnaphthalene
at 1100 °C in the flow reactor, C/O = 1.4, 1.6, 2, 2.5 and 5
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3.3.3

PAH Analysis of Extractable Organic Material from Soot
Various organic solvents could be used for extraction of organic materials from soot.

4-6

In this experiment, chloroform was determined to be the most powerful solvent for soot
extraction as more PAH species were found in its extractable material than those using other
solvents (methanol, ethanol, dichloromethane, and hexane). Figure 3.26 shows a typical GC/MS
spectra of samples collected from the under-stoichiometric combustion (C/O = 2.5) of
methylnaphthalene at 1000 °C with the presence of iron oxide nanoparticles. Though more than
30 PAH peaks were presented in all chromatogram spectra, we only monitored those species
with carbon number >11 and appear consistently in spectra.

Figure 3.26 Gas chromatograph of extractable PAH from particulate matter obtained
under-stoichiometric combustion (C/O = 2.5) of methylnaphthalene at 1000°C with the
presence of iron (oxide) nanoparticles
Figure 3.27presents the results of the extraction of condensable materials collected from
combustion with and without metal addition, respectively. 8 PAH species (C12-C20) were
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considered for relative total carbon calculation for evaluating the formation of soot. The relative
yield of each PAH was calculated based on the total carbon value.
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CHAPTER IV: DISCUSSION
4.1

Synthesis of Supported Metal Oxide Nanoclusters with Size-Controlled Approach
This study was to develop a synthetic route which can control the cluster size for metal

oxide nanoparticles tethered to silica substrate (amorphous). The procedure was to prepare
solutions of functionalized dendrimers with metal ions complexed in the interior of the
dendrimers via the dendrimeric amine groups. The organic backbone of the dendrimers was then
removed through high temperature oxidation, leaving the metal oxide nanoclusters chemisorbed
on the silica surface.

Several spectroscopic techniques, including transmission electron

microscopy (TEM), X-ray photoelectron spectroscopy (XPS), X-ray absorption near edge
structure spectroscopy (XANES), were used for the characterization of the materials.

By

changing the experimental parameters, a series of nearly monodispersed copper oxide
nanoclusters were successfully prepared with tunable sizes ranging from 1-5 nm. This method
was also experimentally proven to be valid in the preparation of other metal oxide nanoparticles,
e.g., Ni and Fe, and with other oxide substrates, e.g., titanium oxide.
4.1.1

Determination of Calcination Temperature
In the synthesis of metal (oxide) nanoparticles via dendrimer-assisted technique,

chemical reduction was commonly used to produce metal clusters with specific size depending
upon the selected generation or substitution ratio of the dendrimer.1-2 However, one of the
disadvantages of the reduction method for nanocluster synthesis is the inability to completely
remove the carbon skeleton from the nanoclusters. In some case, the uncoated metal oxide
particulate matrix is necessary so that the presence of dendrimeric back-bone have to be avoided.
For example, dendrimer-encapsulated metal particles supported on solid substrate shown no
catalytic activity to bind CO molecules, as the dendrimer collapsed on nanoparticles and
poisoned the metal surface.3-4 In the study described here, oxidative thermolysis was used to
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remove the dendrimer from substrate surface. Although high temperature can promote the
carbon burn-off process, increasing temperature may also result in the increased mobility of the
metal oxide nanoclusters and the consequently uncontrollable “growth” of particles. Therefore,
it is critical to establish the preparative conditions at which all the material of dendrimer skeleton
is being removed from the deposited nanoclusters. The temperature profile of the elemental
composition of the 5 wt.% G4Cu16(II)/silica was obtained by XPS analysis, which was shown in
Table 3.1. By 450 °C complete decomposition of the dendrimer structure occurred, as indicated
by the disappearance of nitrogen and carbon peaks by temperature of 350 °C and 450 °C,
respectively.
During calcination, the oxidation state of the copper cations could change as a result of
possible reduction by reaction with carbonaceous species. However, analysis of the calcined
CuO/silica nanoclusters using XANES and XPS indicated that the copper ions were in the
oxidized form (cf. Figure 3.1 and Figure 3.2). In the XANES spectra, both Cu(II)O standard
and calcinated G4Cu16 sample shown very weak or negligible peaks in the pre-edge zone (<8.99
keV), compared to Cu(I)O standard sample which shown prominent peak at 8.980 keV.
Furthermore, the edge-energy of G4Cu16 was the same to that of Cu(II)O at 8.999 keV, but
significantly different from that of Cu(I) at 8.996 keV. The peaks positions read from the spectra
of Cu(II)O and Cu(I)O standard samples were consistent to those reported results.5

The

similarity between the spectra of G4Cu16 and Cu(II)O standard samples strongly suggests
Cu(II)O is the dominant constituent of the nanoclusters present on the silica support. However,
there were small differences between the spectra of Cu(II)O and G4Cu16 when compared their
“post-edge” region (> 9 keV). A broad peak at ~9.020 keV was present in the spectra of CuO
standards, but not in the calcined G4Cu(II)16 case. This result may indicate the existence of
structural differences between the calcined G4Cu16 materials and bulk CuO that may be due to
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the size of the copper oxide clusters and/or interactions between copper and the silica support in
calcined samples.
XPS supports the data obtained from XANES experiment. The presence of the 2p1/2 at
933.7-933.8 eV and the 2p3/2 peak 954 eV is characteristic of the copper (II).6 Spectra of both
samples prepared from the dendrimer-copper complex with n = 16 and n = 8 are indicative of the
presence of Cu(II). However, the spectra of the sample obtained from the dendrimer-copper
complex with n = 4 is indicative of presence of a mixture of Cu(II) and Cu(I). In this case, the
2p1/2 peak is broader and shifted towards lower binding energies (932.3 eV) typical of that of
Cu(I).7 The presence of the satellite peaks at 940.3 and 943.1 eV are uniquely characteristic for
partially filled d9 shell configuration in the ground state of Cu(II) ions. The peaks representative
of the d10 configuration of reduced forms of copper were not present in the XPS spectra.8 It is
possible that Cu(I) exists in the calcined samples, as the 2p3/2 transition is broad; however, it is
difficult to ascertain if any Cu(I) present in the calcined samples comes about from the synthetic
process or from X-ray-induced reduction, as previously observed for Cu2O particles.7
Based on the XPS and XANES results of copper oxide/silica samples, in addition with
the referential consideration of the preparation procedure of impregnated copper oxide on silica
in previous reported studies,9-10 450 ºC was determined as the calcination temperature which not
only served to completely remove the carbon backbone of dendrimer from the supporting surface,
but also resulted the formation of copper oxide nanoclusters in the stable Cu(II) chemical states
dominantly.
This thermal profile of calcination was also applied into all other preparation series of
nanoclusters, including nickel and iron based nanocatalyst.

XPS analysis confirmed that,

similarly as in the case of G4Cu(II)n/silica, the dominant composition in calcined G4Ni(II)n/silica
was NiO. Due to the low concentration of surface NiO of the nanoclusters samples, the 2p3/2
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peaks 854.1~856.2 eV were not split as that observed in the NiO reference spectrum.11
Similarly, XPS data indicated that the dominant form of iron was Fe2O3 in the nanoclusters
samples.
4.1.2

Size Selected Manipulation of Metal Oxide Nanoclusters
The selection of Cab-O-Sil silica as the supporting substrate of metal oxide nanoclusters

was based on the following concerns. Firstly, as the expected sizes of metal oxide nanoclusters
were extremely small (1~3 nm), the supporting material need to be very thin and light dense to
achieve an optimized contrast in TEM imaging. Cab-O-Sil meets both requirement. It should
be noted that a non-aggregated, single Cab-O-Sil particle size is only 20~50 nm, which
corresponding to the thinnest thickness of the substrate.

Secondly, it was reported that

dendrimers can be immobilized on the solid support including Si, Ti, and SiO2.12-13 Therefore
the use of Cab-O-Sil (amorphous silica) as support can minimize the agglomeration of
dendrimer-metal complex in solution by the surface-precursor interaction (adsorption) and in
later immobilize the metal oxide nanoparticles during calcination process due to its high
surface/volume ratio (380 m2/g). Thirdly, the chemical stability and inertia of Cab-O-Sil makes
it suitable for calcination and catalytic test under high temperature. Furthermore, Cab-O-Sil
silica was used previously as a surrogate of fly ash in the laboratorial combustion studies, which
is also the proposed research field of making supported metal oxide nanoclusters.
The dendrimer-template synthesis method provided a unique opportunity to control the
number of metal ions in one substituted dendrimer molecule. DAB dendrimers could form welldefined, stoichiometric complexes with various ionic metals, including Cu, Zn, Ni, Co.14-15 As
sub-stoichiometric ratios of the dendrimer substitution by metal ions also results in a uniform
distribution of metal among precursor molecules in the solution, it is possible to tune the
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nanoparticles size by using different substituted level dendrimer-metal complexes as precursors,
assuming each single nanocluster was derived from a single substituted dendrimer molecule.
Initially, 4th generation DAB dendrimer substituted with copper was used as the precursor
for the synthesis of CuO nanoclusters supported on silica. TEM images and statistical results of
the size distribution shown in Figure 3.6 of the CuO/silica system indicate size selective
nanoclusters with low size dispersity (8-15% standard deviation) were synthesized successfully.
The particle size distributions obtained from calcined G4Cun samples with the dendrimer being
fully (n = 16), half (n = 8) and quarterly (n = 4) substituted were compared in Figure 4.1. The
most indicative conclusion from this comparison was the mean size of synthetic CuO
nanoclusters is proportional to the copper substitution stoichiometry in precursor.
These measurements are consistent with the initial hypothesis that deposition of the
dendrimer-copper complexes on silica followed by calcination will form monodispersed
nanoclusters of copper oxide where the number of copper ions per dendrimer controls the size of
the clusters. The 4th generation DAB dendrimer, with 32 terminal amino groups, can complex up
to a maximum of 16 copper ions (2:1 ratio). Thus for the fully, half and quarter substituted
dendrimers, one dendrimer–copper complex contains 16, 8, and 4 copper ions, respectively, and
a single nanocluster on silica should also contain 16, 8 or 4 copper atoms depending on the
stoichiometry of the dendrimer.

However, the sizes of the nanoclusters are larger than

anticipated. The Cu-O bond length in copper (II) oxide ranges from 0.195 to 0.216 nm.16 Thus,
a cluster of [Cu4O4] should have a diameter in the order of 0.5 nm and, depending upon the
geometry of the clusters, certainly no greater than 1 nm.

The mean diameters of our

G4Cu(II)4/silica that theoretically contain 4 copper ions is 1.68 nm, which indicates that some
aggregation is occurring. A similar conclusion can be reached for the theoretical 8 and 16
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copper ion clusters. However, the extent of aggregation is small enough that narrow size
distributions are still observed.

Figure 4.1 Size distribution of CuO nanoclusters derived from thermally treated
(450 ºC, 5hours) DAB-Am32-Cu(II)n/silica (n=16, 8, 4)

The deviation of the CuO cluster size from the theoretical assumptions indicated
aggregation of the nanoclusters or dendrimer-Cu(II) precursor complexes. This could occur in
solution, especially when the concentration of the dendrimer-Cu(II) complex was high, due to
the evaporation of solvent.

Another possibility was the aggregation of clusters on surface, as

the mobility of adsorbed species was enhanced at elevated temperature.17 In the traditional
incipient-wetness method, the precursor is deposited on the substrate surface through the
evaporation of solvent without further control. In contrast, the dendrimer-assisted formation of
nanoclusters presumes adsorption of the dendrimer-copper complexes to the substrate surface is
strong enough to immobilize the precursor until the calcination process is completed. Though
the formation of CuO nanoclusters from a single dendrimer-copper complex molecule was
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expected, the roughly 1.5-2 fold difference between theoretical and observed sizes indicates that
either some aggregation of dendrimer-Cu occurred during the synthetic process or that some
limited diffusion of Cu ions/CuO nuclei took place during calcination. In the case of nickel and
iron oxide nanoclusters, we have obtained supporting evidence for the conclusion rooted on the
results of copper. As seen in Appendix 1-A and B, both Ni and Fe nanoclusters show a positive
relationship between the mean diameter and the metal ion number in substituted dendrimer
precursor. The size distribution of iron oxide nanoclusters using G4Fe(III)11 as the precursor is
not a single peak. In fact, the two-peak size distribution seems to be a combination of the result
of those of G4Fe(III)16 and G4Fe(III)8. This may imply that Fe3+ ions complexed with DAB
dendrimer molecule in the same ratio as Cu and Ni, which is 1:2 for the number of metal ions to
the number of amino ending groups.
To study the influence of metal loading on the sizes of metal oxide nanoclusters,
G4Cu16/silica samples corresponding to the copper oxide loading of 1 and 2 wt.% on silica were
prepared. Compared to the 5 wt.% CuO sample, the sizes of CuO clusters had a noticeable 21%
and 31% reduction for 2 wt.% and 1 wt.% samples, respectively. These results suggest that the
surface concentration of particle precursors is one of the critical factors that influence the final
size of the copper oxide nanoparticles. Higher surface concentration of Cu(II)-dendrimer that
resulted in close proximities of adsorbed dendrimer-Cu(II) complexes appears to enhance the
migration of copper species that resulted in larger CuO particles during calcination. However,
these results indicate that this phenomenon could be limited if the surface concentration of the
Cu(II)-dendrimer precursor is lowered.
As the formation of metal oxide nanoclusters is rooted from the decomposition of
absorbed dendrimer-metal complex, it is essential to understand the interaction between
dendrimers with supporting surface which greatly affect the size and shape of the clusters that
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formed.18 By impregnating the silica powder in the precursor solution, the individual dendrimer
molecule can adhere to the silica surface and immobilize during the evaporation process and
thermally heating. According to the report by Sun and Crooks,19 there are two possible sources
of strong interaction energies between the dendrimers and the silica surface. One of them is the
electrostatic attraction between positively charged dendrimers (at neutral PH) and the negatively
charged silica surface.20 Another interaction source may arise from the hydrogen bonding of
dendrimer onto the silica surface.21 Due to the abundance of hydrogen atoms available at the
peripheral of dendrimer, this type of interaction can be strong enough to force the spherical
dendrimer structure to adopt an oblate shape when it is adsorbed. In this study we chose low
concentration of metal oxide on surface from 1 wt.% to 5 wt.% so that a monolayer of metal
oxide coverage was expected. However, the evaporation of solvent in preparation process has
increased the concentration of dendrimer-metal precursor in solution and thus the agglomeration
of dendrimer prior to their adsorption on solid substrate could not be avoided. Furthermore, the
limited surface area of solid substrate (in silica case, 380 m2/g) may incur a secondary
agglomeration in which the absorbed dendrimer of surface may aggregate due to close space and
weak interaction with solid support. The postulation of overlapped dendrimer as absorbate can
explain the greater clusters size obtained from sample with higher percentage loading which
means higher ratio of dendrimer-metal precursor to silica.
To enhance the adsorption of the precursor to the silica, a “pre-adsorption” procedure,
adding a 24 hrs interaction of the precursor solution with the substrate prior to the evaporation
process, was employed to allow the diffusion and equilibration of adsorption of the dendrimermetal complexes on the silica surface. This procedure resulted a significant, 22 to 38% size
reduction of nanocluster in the case of 5 wt.% CuO nanoclusters. (c.f. Figure 3.8). Considering
the detection limit of instrument, the fact that no clusters were found in the case of
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G4Cu4(II)/silica suggests that CuO nanoclusters were formed at a diameter below the 0.9 nm
resolution of TEM.
Decreasing the concentration of G4Cu(II)n precursors on the surface of silica particles
further decreases the size of the nanoclusters.

For n = 16, reducing the dendrimer-Cu(II)

complex loading corresponding to 1 wt.% CuO on the silica surface in conjunction with the preadsorption deposition method resulted in the formation of nanoclusters with a mean diameter of
1.55 nm. When applying this 1 wt.% concentration policy to the n = 8 and n = 4 substitution
stoichiometries, the nanoclusters being produced were both below the 0.9 nm resolution of the
TEM.

These results suggested that both solution agglomeration of the dendrimer-Cu(II)

complex in the final stages of impregnation and the surface concentrations of cluster precursors
are critical factors that influence the final size of the copper oxide nanoclusters. Higher surface
concentrations consequently resulting short separations between adsorbed dendrimer-Cu(II)
complexes enhances the migration of copper and formation of larger clusters during calcination.
This phenomenon can be limited if the surface concentration of the precursor is lowered.
Similarly, avoiding a fast solvent removal during deposition of the dendrimer-Cu(II) complex on
the surface matrix and allowing sufficient time for diffusion and pre-adsorption of the complexes
on the matrix reduces the final size of the oxide clusters. As the bond of Cu-O of copper(II)
oxide compounds range from 1.95-2.16 Å,22 the 1.55 nm clusters size may be close to a 16 Cu
ions structure, assuming a flat, “pancake-like” 3D shape of the cluster.
Increasing the calcination temperature resulted in a progressive disentanglement of the
small metal oxide nanoclusters from the silica surface. As seen in Figure 3.9a, using 5 wt.%
G4Cu(II)16 as precursor, the higher the temperature, the greater the mean size of CuO clusters.
This cluster “growth” approach was based on the fact that high temperature increases the
mobility of nanoclusters which cause particle coalescence and growth.23 Diffraction pattern
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image of the large CuO clusters (> 5nm) indicated a polycrystalline structure, which was not
observed on those samples calcined at 450 ºC. However, the increasing temperature of thermal
treatment results in broader size distribution, though narrow distribution of cluster size is desired.
With the temperature elevated, more crystal-like large clusters appear, suggesting more
disordered clusters were replaced by ordered clusters (c.f. Figure 3.9b).
Two common mechanisms are known for the particle growth through sintering: Oswald
ripening and particle migration and coalescence.23

Particle migration/coalescence involves

migration of multiple particles, while in Oswald ripening, molecules and atoms migrate along the
surface to the immobile particle. The mechanism by which growth occurs can be distinguished
by the shape of the particle size distribution. As depicted in Figure 3.9a, although most of the
nanoclusters were 2-4 nm in diameter, the size distribution became broader and the percentage of
larger particles increased.

The positively skewed size distribution is characteristic for the

particle migration and coalescence mechanism of growth.
Though most of the size-controlled preparations of the supported metal oxide
nanoclusters were done on the ambient silica substrate, it is valuable to test the validity of this
dendrimer-based synthesis of metal oxide nanoclusters on other supporting matrix. Titanium
dioxide (titania) was initially chosen as another supporting substrate due to its wide application
in catalysis industry.

titania is well known as the support for the strong metal-support

interaction. Compared to silica with inert properties as catalyst support, titania plays a more
active role in catalyst system. Comparing the clusters size (5 wt.% CuO, “pre-adsorption”, cal.
at 450°C for 5 hrs) on two different substrate, silica (cf. Figure 3.8a) and titania (cf. Figure
3.10), it is evident that the type of the support used does not affect the size of the supported CuO
nanoclusters. The slightly greater CuO cluster size (2.20 nm) of titania sample than that of silica
sample may result from the smaller surface area of titania.
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4.2
Comparison of Chlorinated Benzenes Reactions with Metal Oxide Catalyst
Prepared by Dendrimer-Templated Method and by Incipient Wetness Impregnation
In order to address the issues of how the size of metal oxide clusters might affect the
surface-mediated thermal degradation of hydrocarbons, silica supported metal oxide (CuO and
Fe2O3) samples prepared in two different methods, dendrimer-based impregnation and incipient
wetness, were used as the representatives of nano-size catalysts and coarse catalysts,
respectively. Monochlorobenzene and dichlorobenzene were chosen as the model compounds
for studies due to their presence in incinerators and similar structure to most toxic
polychlorinated aromatic compounds, PCDD/Fs. All thermal reactions were conducted in a high
temperature reactor under pyrolytic and oxidative conditions. Analysis of the reaction products
using GC-MS indicated all the nano-size catalysts showed superior catalytic activity than their
coarse analogues on the conversion of chlorinated benzenes under both pyrolytic and oxidative
thermal condition. Furthermore, such catalytic size effect was also observed on the selectivity of
products yields.
4.2.1

Copper Oxide Mediated Degradation of 1,2-Dichlorobenzene
It is known that transition metal or metal oxide could mediate the decomposition of

hydrocarbon under thermal condition.24-26 In the studies described here, using CuO/silica as the
reaction bed resulted in the ~100% conversion of o-DCBz at temperatures of 450 to 550 °C,
compared to only 8% and 2% conversions at 550°C when using only silica as the reaction bed
and empty quartz tube, respectively. Surface-mediated oxidation of o-DCBz or further reaction
to form other products could have been initiated by the chemisorption of o-DCBz at copper
hydroxide or copper oxide sites through the elimination of one or two HCl molecules (cf. Figure
4.2).27 This process resulted in a surface-adsorbed chlorophenolate or bidentate which was
chemically bound to a Cu(II) site.
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Figure 4.2 Scheme for chemisorption of o-DCBz on CuO/Silica
In the pyrolytic reaction of o-DCBz with copper oxide catalysts, a typical sigmoid shaped
dependence for the conversion with respect to temperature was observed (cf. Figure 3.11).
Much higher conversions of o-DCBz were observed for the nano-size copper oxide catalysts,
G4Cu16, G4Cu8, and G4Cu4, than for IMPCu. However, no conclusive correlation between
activity and particle size can be drawn from the conversion and product yields of these three
nano-size samples. Deviations in their cluster sizes (~1-4nm) may affect the results. Because no
conclusive correlation can be determined, the following discussions about the activity of nanosize catalysts are based on the average of these three G4Cun samples. Since all experiments for
each of the catalysts were performed using identical conditions, the observed difference in
activity is attributed to the properties of the catalyst itself. Three potential that may influence the
difference in activity are: 1) availability of active sites on the catalyst surface, 2) activation
energy for transformation of adsorbed organic species and subsequent reactions, and 3) rate of
oxygen diffusion from the interior layer to the catalyst surface.
As Cu-O is the active site in the reaction with o-DCBz, the more Cu-O sites present on
the catalyst surface, the more o-DCBz can be adsorbed for decomposition or further reactions.
Therefore, for the same amount of copper oxide loading, G4Cun catalysts naturally have higher
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surface density of Cu-O sites than that of IMPCu, the former having a smaller average cluster
size of copper oxide. Furthermore, the difference of catalyst structure properties may also affect
the reactivity of copper oxide catalysts. According to the Mars-van Krevelen (MvK) mechanism
and other preceding studies,10,
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surface-bound oxygen may play a key role in the surface-

mediated degradation of o-DCBz. The formation and desorption of phenoxyl radicals and their
derivatives through select pathways caused the depletion of surface-bound oxygen. As indicated
by the XRD results (Appendix 3), the only dominant form of CuO in G4Cun samples was
amorphous dispersed nano-size metal oxide clusters (< 5 nm), in contrast to the presence of large
(~50-1000nm) CuO crystalline particles in the IMPCu sample. It is known that the diffusion of
oxygen is limited in a solid with crystalline structure due to its ordered structure.28 Therefore the
rate of replacing consumed oxygen on surface is lower in IMPCu catalyst, and so is the activity
of o-DCBz decomposition.

Although it was reported that subsurface oxygen ions from up to

500 monolayers could participate in the reaction occurring on the surface,29 the movement of
internal atoms/ions from a deeper layer to the surface is always more difficult because this
process is energy driven. Therefore, the smaller the clusters (shorter average distance from
cluster inner to surface), the less energy (lower reaction temperature) is required for transporting
internal oxygen to surface. This size effect makes G4Cun more active in the surface-mediated
reaction because the extremely small cluster dimensions ensure the easy replacement of oxygen
on the surface at relatively low temperatures (250 to 450 °C). This hypothesis is supported by
the higher yield of oxygenated hydrocarbon, including phenols, benzofuran and dibenzofuran,
from the reaction over G4Cun than from the reaction over IMPCu.
Reactions conducted at higher temperatures from 500 to 550 °C indicated that the
degradation of o-DCBz on IMPCu was significantly more complete than reactions conducted at
lower temperatures, with 99% conversion at 550 °C. Higher temperature reactions showed no
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observable difference between reactions over G4Cun and reactions over IMPCu. This can be
attributed to two effects: the increased turnover frequencies (TOFs) of surface-mediated
reactions and the involvement of larger particles for reactions that are not activated at low
temperatures. At lower reaction temperatures (250 to 450 °C) where low TOFs are dominant,
the limited reagent is the copper oxide catalyst. Under these conditions, the conversion of oDCBz over G4Cun was significantly higher than that over IMPCu catalyst. At higher reaction
temperatures (500 to 550 °C), high TOFs of catalysts make o-DCBz a relatively limited reagent
in reactions with both G4Cun and IMPCu. In this case, all of the injected o-DCBz decomposed
in the given contact time (~0.01 s). This assumption is supported by the study using FTIR
spectroscopy to investigate the adsorption of chlorophenol on silica. This study indicated that
the rate of chlorophenol chemisorption on the surface increased as temperature increased.9
Furthermore, as IMPCu catalyst was composed of various size particles from 1 to 1000 nm, its
large crystalline CuO clusters may not be as active as smaller clusters due to the higher
activation energy required for low temperature reactions. However, as the temperature was
increased to 500 °C or higher, these large CuO clusters could be activated to mediate the
decomposition of o-DCBz.
Various hydrocarbon products were formed from the surface-mediated decomposition of
o-DCBz. Among these products, benzene was produced with the highest yield (~1.6% on G4Cun
catalysts), and was significantly greater over G4Cun (>10x) than the benzene produced from
IMPCu. The formation of benzene at temperatures as low as 250 °C indicates that the bidentate
species was already formed below this temperature. The cleavage of two C-O bonds followed by
scavenging of two H· led to the release of benzene with a maximum yield at 500 °C. Meanwhile,
the cleavage of one C-O bond and one Cu-O bond followed by scavenging of one H· formed
phenol.30 Figure 4.3 depicts the purposed mechanism for formation of benzene and phenol.
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The higher yields of both benzene and phenol from reactions with nano-size CuO of
G4Cun than those from coarse particle surrogates of IMPCu can also be attributed to the greater
number of active sites (Cu-OH) for o-DCBz absorption presented in nano catalysts.
Furthermore, though the formation of benzene and phenol is competitive, the higher yield of the
benzene indicates that C-O bond cleavage is more likely to occur than Cu-O bond cleavage due
to the relatively stronger Cu-O bond.31 This assumption is also supported by the non-detection
of catechol, the formation of which requires the cleavage of both Cu-O bonds.

Figure 4.3 Schematic formation of benzene and phenol on CuO/silica
Chlorobenzene formation can be initiated through the formation of surface-bound
chlorophenolate which is shown in the upper pathway in Figure 4.2. Though it is similar to the
formation of benzene in its cleavage of C-O bond and scavenging of H·, chlorobenzene is formed
and dissociated from the surface with a maximum yield at a significantly lower temperature
(350°C) than that of benzene. This may correlate to the ease of formation of chlorophenolate
which only needs single HCl elimination, as opposed to the formation of phenolate which needs
double HCl elimination. It is noteworthy that the maximum yield of chlorobenzene from G4Cun
is only 2.8x the yield from IMPCu, compared to > 10x difference in the benzene yields between
these two types of catalysts.

This less significant size effect of chlorobenzene formation

indicates that other mechanisms may be involved, counteracting the influence of the availability
of active sites.

One possibility is that the surface hypochlorite species may increase the

chlorination of adsorbed phenoxyl radicals.32 This increased chlorination is due to surface
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chloride ions acting as highly effective chlorinating agents, and the rapid exchange between the
organic phase and surface chlorides.33 The result suggests that the chlorinating surface-bound
organic species may give larger Cu-O particles an advantage over their smaller analogues, which
to some degree offsets the size effect on product formation. This argument is rational because
this surface-mediated chlorination is a multiple-step reaction involving multiple active Cu-O
sites, and therefore needs a larger functioning active center than reactions for simple adsorption
and desorption only. Consequently, not all of the nanoclusters have enough Cu-O sites to be
functioning active centers for this chlorination process.34 Larger clusters, which have relatively
infinite Cu-O sites on surface, are more likely to possess these functioning centers for
chlorination. This hypothesis is supported by the higher yield of polychlorinated benzene on the
IMPCu catalyst.

Figure 4.4 shows the potential mechanism of chlorobenzene and

polychlorinated benzene formation adapted from previous studies of 2-chlorophenol which is
structurally similar to o-DCBz.30, 32

Figure 4.4 Schematic formation of chlorobenzene and
polychlorinated benzenes on CuO/Silica

Dibenzofuran (DF) is the only detectable PCDD/Fs products from the reaction between
o-DCBz and CuO catalyst.

Figure 4.5 illustrates the proposed Langmuir-Hinshelwood

mechanism for DF formation, adapted from a previously proposed mechanism for the formation
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of DCDF and MBDF.26, 32 Since DF formation is derived from the condensation reaction of
surface-bound phenoxyl radicals (or keto mesomers), it is logical that a higher yield of DF was
observed in the catalytic reaction of G4Cun, and the yield of DF appears to be consistent with the
cases of benzene and phenol formation as discussed previously.

Figure 4.5 Schematic formation of Dibenzofuran on CuO/Silica

Fewer products were observed in the oxidative reactions, as the presence of oxygen in
carrier gas promoted the degradation of o-DCBz more completely than did pure helium in
pyrolytic conditions. Though the trend of o-DCBz conversion as it relates to temperature shows
a similar sigmoid shape, the addition of oxygen did cause these conversion plots to shift ~50°C
to lower temperature compared to their pyrolytic analogues. This observation indicates that
supplying gas phase oxygen lowered the energy onset of o-DCBz conversion. Copper oxide
sites on silica surface can be regenerated by O2 after the consumption of oxygen from previous
reactions. This regeneration by O2 occurs more readily than the transfer of oxygen from internal
layers of particles to particle surface.
Compared to the pyrolytic condition, the yields of polychlorinated benzenes and the
degree of chlorination were both increased under oxidative conditions, suggesting that oxygen
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plays an important role in the chlorination process. The effect of oxygen is evident in the
promotion of the formation of surface hypochlorite species and the subsequent increase of
chlorinated products in the presence of gaseous oxygen.32 As in the pyrolysis results, oxidative
conditions also exhibited a higher yield of polychlorinated benzene on the IMPCu catalyst.
Again, these results can be directly related to larger clusters that have more functioning center
for the multi-step reaction of chlorination.
It is remarkable to note that the products of incomplete oxidation, tri- and tetrachloroethylene, were found with significantly greater yields (> 5x) over G4Cun (max. 0.11% and
1.1%, respectively) than over IMPCu (max. 0.022% and 0.32%, respectively). This phenomenon
can be attributed to the availability of individual Cu-O cluster active sites. Because degradation
of hydrocarbon on catalytic surface is generally a multi-step reaction, the availability of active
sites in a single cluster may determine the extent of decomposition. For micron or submicron
particles with thousands of active sites on the surface, complete decomposition of adsorbed
hydrocarbon molecule is likely. However, when the particle size is reduced to only a few
nanometers, availability of active sites of an individual particle may be very limited, and the
decomposition of hydrocarbon may end with the formation of incomplete oxidation products. As
ethylene is one of the typical products from the oxidative decomposition of benzene or
chlorobenzene35-36, it is reasonable to propose that o-DCBz oxidized by G4Cun catalysts may
initially form partial decomposition products such as ethylene or chlorinated ethylene. Before
further oxidation as CO, CO2 and H2O on the same nanocluster, these ethylenes can be desorbed
from surface to gas phase. Due to the detection limitations of the GC/MS (min. amu. 40),
ethylene and other small fragments, such as methane and acetylene, were not monitored in the
GC/MS analysis.
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4.2.2

Iron Oxide-Mediated Degradation of 1,2-Dichlorobenzene
Since iron is similar to copper as redox transition metal, its hydroxide or oxide

compounds were also expected as the active chemisorption sites for o-DCBz with similar
proposed mechanism (cf. Figure 4.6).

Figure 4.6 Scheme for chemisorption of o-DCBz on Fe2O3/silica
The activity performance of iron oxide catalysts was similar to that of copper oxide in the
reaction with o-DCBz. Under pyrolytic condition, more than 90% of o-DCBz was decomposed
over all three G4Fen catalysts at temperature 450 to 500 °C, which was ~50 to 100 °C lower than
that on IMPFe sample. This result was expected as the iron oxide clusters sizes of G4Fen were
1~4 nm, which is comparable to those of G4Cun. Since coarse iron oxide particles IMPFe were
prepared by the same impregnation method as that for copper oxide analogue, its average size
was believed to be the same scale as IMPCu.

Therefore the particle-size effect of o-DCBz

decomposition over iron oxide samples can be explained by the same reaction proposed for
copper oxide.
Formation of benzene over iron oxide catalysts can be proposed with the same
mechanism depicted in Figure 4.3, except replacing Cu(II) as Fe(III). Similar to the reaction
over copper oxide catalyst, the yield of benzene over nano-size catalysts of G4Fen is significantly

121

higher (10x) than that from IMPFe. Combined to the high yield of chlorobenzene, it is evident
that the chemisorption of o-DCBz on iron oxide surface undergoes two pathways shown in
Figure 4.6: (1) formation of 2-chlorophenoxyl via single HCl elimination, and (2) formation of
bidentate species via double HCl elimination. Though both iron and copper oxide catalysts
exhibited higher benzene yields over their nano-size catalysts than their coarse analogues, in
general iron oxide was more favored by the formation of benzene, especially under high reaction
temperature (500~550 °C) conditions. Figure 4.7(a) compares the benzene yield between these
two different metal-based catalysis cases. The maximum yield of benzene from reaction over
iron oxide at temperature 500~550 °C is 3x higher than that over copper oxide for both nano-size
and impregnation catalysts cases, in contrast to their smaller differences from 250~450 °C. The
significant formation of benzene over iron oxide suggested the ease of scission of C-O bonds of
the absorbed phenoxide, which can be correlated to the stronger oxidative properties of Fe2O3
than CuO.

Figure 4.7 Comparison of (a) benzene and (b) chlorobenzene yields from
pyrolysis of o-DCBz over Fe2O3/silica and CuO/silica surfaces

Furthermore, iron oxide catalysts were found to be more favored by the chlorobenzene
formation than copper oxide catalysts, as indicated by Figure 4.7(b).
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The yields of

chlorobenzene over G4Fen and IMPFe catalysts were 10x greater than that over their copper
based analogues. This result is in contrast to the benzene case, in which the yield of benzene is
more comparable (3x) between reactions over iron and copper based catalysts. According to the
discussion for copper oxide catalysts, the surface-mediated formation of chlorobenzene can be
contributed by two proposed pathways: 1) formation and desorption of chlorophenoxide
absorbate, 2) chlorination of surface bound phenoxide. These two mechanisms, as well as a
pathway for formation of polychlorinated benzenes which is similar to that for copper oxide
catalysts, are depicted in Figure 4.8.

Figure 4.8 Schematic formation of chlorobenzene and polychlorinated benzenes over
Fe2O3/silica

However, when considering the results of polychlorinated (Cl > 2) benzenes yields,
which was >10x greater over iron oxide catalysts than those over copper oxide, the chlorination
mechanism seems more dominant. The extraordinary chlorination ability of Fe2O3/silica can be
correlated to its stronger oxidative properties than CuO/silica at high temperature range >500 °C.
Observation of chlorophenol and 2,6-dichlorophenol as products in the reaction of o-DCBz with
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iron oxide also adds evidence of the superior chlorination capability of iron oxide, as no
chlorinated phenols were detected in the copper catalysis case.
Similar to reaction over copper oxide catalysts, the addition of oxygen in carrier gas did
promote the decomposition of o-DCBz over iron oxide catalysts in comparison with those under
pyrolytic condition. At 450 °C, the conversion of o-DCBz gain 8% and 31% increase for G4Fen
and IMPFe, respectively. Chlorinated ethylenes and benzenes were the only products detected
by GC/MS. The fewer productions formation than those formed in pyrolytic reaction indicated
the decomposition of o-DCBz was more complete when gaseous oxygen was presented.
Although the interpretation to products formation over iron oxide mediated oxidation is very
similar to those for copper oxide, the remarkable difference is the yield of chlorinated benzenes
is much less in the iron case for oxidative conditions, in contrast to the results obtained from
pyrolytic condition. This discrepancy can be explained that the presence of gaseous oxygen
enhanced the oxidative properties of iron and resulted in the readily decomposition of
chlorinated products, which are difficult to degrade generally.
4.2.3

Iron Oxide-Mediated Degradation of Monochlorobenzene
MCBz is structurally similar to o-DCBz but with only one chlorine substituent. It is

reasonable to propose a similar mechanistic chemisorption of MCBz at iron hydroxide sites
through elimination of HCl and the sequent formation of surface bound phenolate (cf. Figure
4.9). Decomposition of MCBz over iron oxide catalysts under pyrolytic condition showed Sigmoid shape temperature dependence which is similar to that of o-DCBz decomposition. The
result of MCBz conversion depicted in Figure 3.15 indicated the nano-size catalyst was more
active in MCBz degradation as the overall conversion trends of G4Fen is about -50 °C lower than
that of IMPFe. This superior activity of G4Fen is attributed to its larger number of available
copper hydroxide, lower active energy and higher TOFs as discussed in section 4.2-1.
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Figure 4.9 Scheme for chemisorption of CBz over Fe2O3/silica

Benzene is the most dominant products with maximum yield 44% at 500 °C in G4Fen
case and 15% at 550 °C in IMPFe case. Compared to its formation from reaction of o-DCBz
which required double cleavage of C-O bond from the surface bound bidentate, the formation of
benzene is much easier as the surface bound phenolate resulted from the chemisorption of MCBz
on surface required only single cleavage of C-O bond following by scavenging of H (cf. Figure
4.10). As phenolate is the only surface bound species resulting from MCBz chemisorption, and
benzene is the only product resulting from the cleavage of C-O bond of phenolate, the formation
of benzene was therefore observed with such prominent yield. Consistent to the observation of
o-DCBz reaction over iron oxide, the nano-size iron oxide clusters, G4Fen, exhibited higher
activity in the formation of benzene than IMPFe did.

Figure 4.10 Schematic formation of benzene from CBz reaction over Fe2O3/silica
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Phenol was observed as products in the reaction of MCBz over iron oxide catalysts. Its
formation was proposed through a similar mechanism as discussed in o-DCBz cases. Surface
bound phenolate was transformed to be gas phase phenol through the cleavage of its Fe-O bond
followed be scavenging of one H·. Similar to benzene, phenol is also the direct product from the
desorption of surface bound phenolate. Therefore, it was expected that the yield of phenol would
be similar to benzene which was significantly higher in MCBz reaction than in o-DCBz reaction.
However, this was not the case for phenol. The maximum yield of phenol formation was only
~0.3% from MCBz reaction, compared to as high as ~1.5% from o-DCBz reaction. This may be
caused by the dominant formation of benzene which was directly competed to the formation of
phenol. Such competition also reduced the significance of size dependence of catalysts on
phenol formation, which was not as distinguishable as those of o-DCBz reactions.
1,2-dichlorobenzene was the only chlorination products observed in MCBz reaction.
This may be due to the less abundance of chlorine ions as MCBz only contains one chlorine ion
and DCBz has two. Such lower degree chlorination was also observed in oxidative reaction of
MCBz, where only trichloroethylene was observed instead of both tetra- and tri- chloroethylene
in o-DCBz case.
4.3

Flow Reactor Studies of Soot Formation Mediated by Metal Oxide Nanoparticles
Soot formation was thought to be a high temperature gas-phase reaction. Under fuel rich

condition, the formation of soot is even more favored, accompanied by the formation of
polycyclic aromatic hydrocarbons (PAH).37 The pathway to the formation of large PAH was
known through the recombination of small unsaturated hydrocarbon species, e.g. C2H2, which
was produced with the breaking down of fuel molecules.38 However, the conversion of PAH to
soot is still unclear. It was proposed that a condensed nucleus is needed to form particulate
matter via K-V mechanism. Though mostly SO42- had been thought to be the composition of this
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type of particles, the role of cation has been proposed also.39 It has been reported recently that
metal species were found in the emitted carbonaceous particulate matter from the heavy oil
combustion.40 The remarkable feature of this finding was the concentration of metal shown
increase with the decrease of particle size. Specifically, as the particle size decreased below
about 2 microns into the submicron range, the concentration of transition metals, Zn, Ni and Fe
increased exponentially to greater than 60% and the carbon concentration decreased from nearly
90% to less than 30%. This result provided evidence that cations type particles can be the likely
source of condensation nuclei for soot formation.
Though many studies regarding soot formation were performed in flaming combustion,
there are some limitations in the control of reaction conditions, e.g. temperature, stoichiometric
ratios of fuel/oxygen. An alternative approach to quantify soot formation is to utilize a flow
reactor, which could provide an accurate solution to control the experimental condition of
combustion. However, it is in general more difficult to produce soot using a flow reactor than
open flame. To reduce the difficulty to observe soot formation, high sooting fuels were preferred
in the initial flow reactor experiments. The sooting tendency of hydrocarbon fuel commonly
used in combustion studies can be arranged in sequence: methane < ethylene < acetylene <
benzene < toluene < naphthalene < anthracene < pyrene.41 However, the last three sooting
candidates are in solid form under room temperature, which is not suitable for quantitative
injection using syringe.

Therefore, 1-methylnaphthalene was selected due to its structural

similarity to naphthalene but in liquid phase under room temperature.
The preliminary studies using the two-zone flow reactor system indicated high
temperature and sub-stoichiometric (fuel rich) condition was favored by soot formation. At
temperature lower than 1000 °C, no soot formation was observed even at the highest tested C/O
(= 5) condition. The most remarkable feature of these results was that the presence of metal
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oxide nanoparticles did increase the production of soot particles. In addition to the visual
observation of solid carbonaceous materials which deposited on the wall of the flow reactor, the
identity of the condensable substances as soot was confirmed using TEM (cf. Figure 3.21 and
Figure 3.22). The micrographs in this figure clearly show typical soot particles with diameter
<50 nm that are aggregated into chains of a few 100 nm in length. The semi-crystalline, pseudoonion skin structure ascribed to individual soot nanoparticles is evident. The increasing d002
spacing of the graphitic domains may indicate a relatively poor coordination between the
graphitic layers in the soot microstructure.42
Figure 3.23 shows the most dominant forms of carbonaceous materials formed at
temperature of 1100 °C with various C/O ratios from 1.4 to 5. It can be seen that the less oxygen
was supplied, the more condensable materials like soot were formed.

Compared the

combustions with iron addition to those without iron addition, the formers shown higher
tendency to soot formation, as indicated by its observation starting from a relative smaller C/O
value (C/O = 2.0) than that of the non-iron case (C/O = 2.5). Under same oxygen concentration,
the combustion with iron involved did produce more soot or soot like black carbon which was
indicated by the thicker deposit at the outlet and the greater particles population through TEM
observation.

This conclusion was also supported by the results of UV-Vis experiments

performed by other colleague in our lab. By measuring the absorbance of particles collected
under 1100°C, the higher absorbance with metal presence indicated higher yield of soot
formation. However, the microstructure of soot particles obtained from these two cases shows
no distinct difference under TEM analysis, as indicated by Figure 3.21 and Figure 3.22. .
Figure 4.11 depicted the absorbance of soot with regard to the ratio of metal/fuel at
temperature 1100 °C. With the increase of metal in combustion, the formation of soot was
increased too. Furthermore, the higher C/O ratio also promoted the formation of soot, which was
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consistent to the observation in TEM studies. However, when C/O ratio was maintained at 2.5 or
higher, the absorbance was not close to 0 even no metal was added to combustion in blank
experiments. This result indicated other sources of metal were available in the flow reactor
system other than that from the injection of metal precursor. For example, the gas cylinder used
in experiment may release trace metal species to the system through the delivery of gas stream.
The presence of metal oxide nanoparticles not only promote the formation of soot, but
also the formation of PAH compounds, which was suggested by the GC/MS results. Chemical
analysis (GC/MS) of the extractable organic materials from soot revealed the presence of the
typical array of PAHs in combustion (c.f. Figure 3.23). With the addition of metal, the relative
total yield of PAH (amu < 250) was increased. Figure 4.12depicted this effect of metal addition
on PAH formation.

Figure 4.11 UV absorbance of Soot formation with regard to the metal/fuel concentration
(0 to 500 ppmw) and C/O (Phi) ratio from 1.6 to 5
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Figure 4.12 The relative intensity of total extractable carbon from soot
which was formed at 1100 °C with or without metal addition
The custom-designed-and-built flow reactor was used for all experiments. One of the
significant features of this system was that quantitative metal oxide species in the form of
nanoparticles can be directly introduced into the combustion process of hydrocarbon fuel.
Methanolic solution of dendrimer-metal complex was chosen as the precursor of metal oxide
nanoparticles, due to the unique feature of dendrimer which can coordinate metal ions
stoichiometrically. Ideally, the dendrimeric backbone of these metallic compounds could be
decomposed as gaseous species (mostly are CO2 and H2O) through thermal oxidation, while the
enclosed metal was oxidized and condensed to a nanoparticles. Indeed, 1-3 nm metal (oxide)
nanoparticles were produced with the thermal treatment, as seen in Figure 3.17 to 3.18.
However, at the lower temperature 500 °C, even 600 °C, dendrimer was not completely burnedoff, which was indicated by the carbonaceous residual on TEM grids. Since the goal of this
project was to investigate the effect of metal oxide on soot formation, the unburned organic
ligand portion of dendrimer may add more complicate assumption to the model for study.42
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Therefore, the generation of “clean” (no organic content) metal oxide nanoparticles is critical
important. By increasing the temperature to 700 °C, no carbonaceous particulate matter, except
the nonvolatile metal oxide nanoparticles, was observed under TEM. Increasing temperature
also resulted in the growth of metal oxide particles. This effect was implied by the fact that
particles collected at 700 °C were slightly larger than those collected at 600 °C. Such growth
trend is more evident when temperature increased to 900 °C, where copper oxide particles with
size ~50 nm were produced and exhibited crystalline structure (c.f. Figure 3.19).

This

phenomenon can be attributed to the fact that increasing temperature increases the opportunities
of particles collision in a limited space and thus particle growth because of their aggregation. A
recent combustion study on heavy oil has provided implicit data that combustion generated
particles had core composed of metal nanoparticles of < 10 nm.40 This is a reasonable size for
metal oxide nanoparticles formed through the pathway of evaporation (flame zone) and
condensation (post-flame zone). To mimic the real-world combustion process, we chose to work
at 700 °C to produce non-carbonaceous-residual metal oxide nanoparticles (1~3 nm) for the
hydrocarbon combustion studies.
4.4
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CHAPTER V: SUMMARY
5.1

The Role of Dendrimer in the Synthesis of Metal Oxide Catalysts
The addition of dendrimer in the synthesis of metal oxide catalysts had a significant

effect in stabilizing and controlling the size of metal oxide clusters on substrate surface. This
dendrimer-assisted synthetic route is based on the unique characteristic of dendrimer which can
stoichiometrically complex with metal ions in aqueous solvent and be stabilized on various
substrate surface, e.g. silica, titanium oxide. To reduce the potential interference of dendrimer
on the catalytic activity of metal oxide nanoclusters, it is critical to setup the optimized thermal
condition to get rid of the dendrimeric body while retaining the nanoclusters immobilized on
surface. It had been shown that the carbonaceous backbone of dendrimer could be completely
removed at furnace temperature of 450°C in air. Though very small agglomeration of metal
oxide nanoclusters was observed, the clusters size was still very uniform in the scale from 1-3
nm. XANES and XPS data indicated that the metal nanoclusters are in transition metal oxide
compound. HR-TEM was employed as a direct imaging technique to obtain the size and size
distribution. By changing the amount of metal ions complexed by the dendrimer, the size of
metal oxide nanoclusters deposited on surface can be selectively controlled with narrow size
distribution. The loading of metal on the surface of supporting matrix also affect the size of
metal oxide nanoclusters. The less metal present on surface, the smaller the clusters will be
because of less agglomeration.

To enhance the adsorption of precursor to the surface of

substrate, a 24 hr “pre-adsorption” process was introduced prior to the deposition of dendrimermetal complex on silica. This procedure resulted in a significant, 22%~38% decrease of the size
of nanoclusters. Increasing the furnace temperature resulted in the “growth” of clusters size
statistically. However, while most of the particles remained in the 2-4nm domain, the shape of

135

the size distribution became boarder and positively skewed due to the particle migration and
coalescence mechanism of growth.
Though copper/silica matrix was most intensively studied in this experimental work, we
have demonstrated this dendrimer based technique can be universally applied to other metals
(nickel, iron) and substrate materials (titanium oxide). we anticipate that our procedure for the
size controlled synthesis of supported metal oxide nanoclusters can also be readily extended to
other metal (such as Co, Cd, Ag) and other supporting materials (such as magnesia or alumina).
Table 5.1 lists the available sizes of CuO/Silica nanoclusters which had been
synthesized. Based on our works, application of the dendrimer-assisted deposition of metal
oxide on silica appears to be a powerful tool for the precise control of the size of synthesized
nanoclusters. This method can be further expanded by application of different generation of
dendrimers to further tune the size of nanoclusters.
Table 5.1 Available sizes of copper oxide clusters supported on silica using
the dendrimer-assited method described in this chapter
Precursor

Temp.
(°C)

Pre-adsorption

5 wt.% G4Cu(II)16/silica
5 wt.% G4Cu(II)16/silica
5 wt.% G4Cu(II)16/silica
5 wt.% G4Cu(II)16/silica
2 wt.% G4Cu(II)16/silica
1 wt.% G4Cu(II)16/silica
5 wt.% G4Cu(II)8/silica
1 wt.% G4Cu(II)16/silica
5 wt.% G4Cu(II)16/silica
5 wt.% G4Cu(II)8/silica
1 wt.% G4Cu(II)16/silica
2 wt.% G4Cu(II)16/silica
5 wt.% G4Cu(II)4/silica
1 wt.% G4Cu(II)16/silica
5 wt.% G4Cu(II)4/silica

650
600
450
550
450
450
450
600
450
450
550
450
450
450
450

YES
YES
NO
YES
NO
NO
NO
YES
YES
YES
YES
YES
NO
YES
YES
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Dia.
(nm)
5.64
4.09
3.27
3.17
2.60
2.40
2.37
2.09
2.05
1.86
1.84
1.76
1.68
1.55
<1

Std. Deviation
(nm)
2.52
1.59
0.24
0.71
0.34
0.31
0.34
0.76
0.23
0.17
0.55
0.25
0.19
0.19
NA

5.2

The Effect of Particle Size in Catalysis
Transition metal oxide was proven to promote the decomposition of chlorinated

hydrocarbon through the surface-mediated reactions.1-2 However, less studies has focused on the
effect of metal oxide cluster sizes in these reactions, mostly due to the lack of capability to
produce monodispersed nanoclusters with desired diameter on certain substrates, e.g. silica,
titanium oxide in amorphous form. For catalysis, it has been widely accepted that when the
metal oxide cluster size falls into the range < 10 nm, their activity in catalytic reactions becomes
nonlinear and the formation of by-products may be selective.3

In this study, metal oxide

particles supported on silica (Cab-O-Sil) were used for the catalyzed thermal degradation of
chlorinated benzenes. To determine the size effect of metal oxide particles in these reactions,
catalysts were prepared in two different methods: dendrimer-template route and incipient
wetness impregnation method.

The first method was used to produce nano-size clusters

according to the results obtained from project of size-controlled synthesis of metal oxide
nanoparticles. The second method was used to produce surrogate of coarse particles which
indeed had particles size varying from several to several hundred nanometers, as indicated by
both TEM and XRD results.

To study the catalytic performance of metal oxide in the

combustion-generated pollutants formation, copper and iron were selected as the studied metals
due to their abundance in combustion-generated fly ash.4 1,2-Dichlorobenzene (o-DCBz) and
monochlorobenzene (MCBz) were used as the model compounds for catalysis test as chlorinated
benzenes represent a large group of chlorinated volatile organic compounds which has been
identified toxic pollutants.5-6
In all catalysis experiments, nano-size metal oxide samples exhibited superior activity in
the overall conversion of chlorinated benzenes. Catalytic destruction of chlorinated benzenes
was initiated by their chemisorption onto metal oxide surface with the elimination of hydrogen
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chloride and formation of surface bound phenolate and bidentate.6 For the same mass loading,
nano-size catalysts contained more metal oxide sites exposed on surface for these chemisorption
and subsequent reactions. As benzene and chlorobenzene are the direct desorption products of
chemisorbed species, their higher yield on nano-size catalyst corresponded to the higher surface
area. In the decomposition reaction of o-DCBz, the size effect of metal oxide nanoclusters on
the chlorobenzene yield was not as significant as they were on the benzene yield. One of the
probable explanations for this phenomenon is the superior chlorination capability of larger metal
oxide particles, which increased the chlorobenzene yield and decrease the competitive benzene
yield.

The higher yield of polychlorinated benzene over coarse metal oxide catalyst also

supported this hypothesis. In comparison of copper and iron effect on products formation, the
stronger oxidative properties of iron cause more chlorinated species formation under pyrolytic
condition and more complete destruction of o-DCBz under oxidative condition. For the MCBz
reaction over the iron oxide catalyst, the most dominant products was benzene, which was
yielded maximally to 44% at 500 °C and 14% at 550 °C for nano-size and coarse catalysts,
respectively. The extraordinary selectivity of benzene formation over nano-size iron oxide
catalysts suggests their potential application in the dechlorination treatment of chlorinated
benzenes.
Phenols products formed under pyrolytic condition, including phenol, benzofuran, and
dibenzofuran, all show higher maximum yields at equal or lower temperature from the reaction
over nano-size catalysts than their coarse analogues. These results can be correlated to the
relatively easier access of surface-bound oxygen of smaller clusters which can be readily
regenerated by the diffusion of oxygen from internal layers to particles surface.
The decomposition products of chlorinated benzenes under oxidative condition are
dominated by chlorinated ethylenes and chlorinated benzenes.
138

Ethylene has been widely

recognized as one of the soot precursors in combustion system.7-8 Furthermore, it was reported
that the addition of chlorinated organic species into combustion enhanced soot formation.9-10
Therefore, the higher yield of chlorinated ethylenes over nano-size copper oxide (G4Cun)
catalysts indicates that small metal oxide nanoparticles may promote the formation of soot-like
carbonaceous materials. This assumption was reinforced by the TEM results shown in Figure
5.1. The carbon like deposit indicates the reaction of o-DCBz over G4Cun has resulted solid
form carbonaceous materials.

Figure 5.1 TEM micrographs of G4Cu16
catalyst collected after reaction with 1,2dichlorobenzene under oxidative condition at
400 ºC. The small black spot is the copper
oxide nanoclusters and the larger black area
is the carbonaceous deposits formed during
the thermal process. Some clusters became
larger due to the high temperature reaction
and diffusion caused by passing gas.

5.3

The Impact of Metal Oxide Nanoparticles on Soot Formation
Although the effects of metal additives on soot formation have been studied in many

practical and laboratory-scale combustion systems, there is no reported research work regarding
the roles of already-formed metal/metal oxide nanoparticles in combustion. In contrast, most
studies used the fuel premixed with metal additives in which the formation of metal oxide
nanoparticles and carbonaceous material may occur at the same time.8, 11-13 Though it has been
proposed that the cation nucleus may also be the condensation centers for soot formation in

139

combustion, it is impossible to have direct observation to determine the effect of metal oxide
nanoparticles on soot formation using fuel premixed with metal additive.
In this study, we investigated the influence of metal oxide as nucleation mode seed on the
formation of soot-like carbonaceous particulate matters under isothermal conditions.

This

strategy involved the generation of gas-suspended metal oxide nanoparticles and their interaction
with gaseous hydrocarbon under parametrically controlled high temperature condition. The most
desirable approach to test this hypothesis is to conduct a non-metal combustion as the blank
reference using same experimental condition.

However, it is difficult to remove metal

compounds completely in many combustors using ordinary methods. Furthermore, flames have
limited reaction conditions that could make it difficult to quantitate the impact of metal
nanoparticles. To avoid these uncertainties, a high temperature flow quartz reactor was built to
use for isothermal flameless combustion, with or without the addition of metal species.
Methanolic solution of dendrimer-metal complex was chosen as the precursor of metal
oxide nanoparticles because dendrimer can host various kinds of metal ions stoichiometrically
and lead to the formation of monodispersed nanoparticles with dendrimer burned-off. Under
oxygen rich condition, the organic portion (dendrimer, methanol solvent) of the precursor can be
removed efficiently at 700 °C, leaving the formation of 1-3 nm metal oxide nanoparticles as the
only condensed particulate matter which is immediately transferred to the combustion chamber
by carrier gas. By increasing the furnace temperature to 900 °C, larger crystalline metal oxide
nanoparticles with size up to 80 nm were observed.
The formation of soot was identified by their pseudo onion like structure shown on TEM
micrographs. Experimental results indicate the addition of metal oxide nanoparticles into
combustion process increased the yield of soot as well as high molecular weight PAH under fuel
rich condition. Temperature is a critical factor affects the soot formation. The higher the
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temperature (> 1100 °C) was, the more soot was produced and the less PAH was formed. But
there was no soot particles formed under 1000 °C. Fuel/Air ratio is another key parameter
determined the formation of soot. Though in all experiments soot was observed only under fuel
rich (C/O > 1) condition, the addition of metal oxide nanoparticles initialize the formation of soot
started by a lower C/O values 2.0, compared to 2.5 for non-metal combustion, as indicated by
TEM micrographs.

5.4
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APPENDIX 1. HR-TEM IMAGES AND SIZE DISTRIBUTION
OF NICKEL AND IRON OXIDE NANOCLUSTERS
A: Nickel Oxide Nanoparticles Obtained from Calcinated (450 ºC) Silica Impregnated
with DAB-Am32-Ni(II)n (n=16, 8, 4) Complexes

n=16

n=8

n=4
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B: Iron Oxide Nanoparticles Obtained from Calcinated (450 ºC) Silica
Impregnated with DAB-Am32-Fe(II)n (n=16, 11, 8, 4) Complexes

n=16

n=11

n=8
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C: Thermally Treated (450 ºC) DAB-Am32-Ni(II)16 with
Various NiO Loading (1~5 wt.%) on Cab-O-Sil® Silica

5 wt.%

2 wt.%

1 wt.%
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D: Size distribution of CuO Nanoparticles Obtained from High Temperature
(550 to 650ºC), Calcinated DAB-Am32-Cu(II)16 on Cab-O-Sil® Silica
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APPENDIX 2. PRODUCTS YIELDS OF CHLORINATED
BENZENES REACTION OVER METAL OXIDE CATALYSTS
A: Products Yield of 1,2-Dichlorobenzene over CuO/silica under Pyrolytic Condition
Benzene

Chlorobenzene

Phenol

Benzofuran

Trichlorobenzene

Naphthalene
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Biphenyl

Dibenzofuran

B: Products Yield of 1,2-Dihlorobenzene over CuO/silica under Oxidative Condition
Trichloroethylene

Tetrachlorobenzen

Trichlorobenzene

Tetrachlorobenzene
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Pentachlorobenzene

Hexachlorobenzene

C: Products Yield of 1,2-Dihlorobenzene over Fe2O3/silica under Pyrolytic Condition
Benzene

Chlorobenzene

Phenol

Benzofuran
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2-Monochlorophenol

Dichlorophenol

Trichlorobenzene

Tetrachlorobenzene

Dibenzofuran
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D: Products Yield of 1,2-Dichlorobenzene over Fe2O3/silica under Oxidative Condition
Trichloroethylene

Tetrachloroethylene

Trichlorobenzene

Tetrachlorobenzene

Pentachlorobenzene

Hexachlorobenzene
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E: Products Yield of Chlorobenzene over Fe2O3/silica under Pyrolytic Condition
Benzene

Toluene

Phenol

Benzofuran

Dichlorobenzene

Naphthalene
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Biphenyl

Dibenzofuran

F: Products Yield of Chlorobenzene over Fe2O3/silica under Oxidative Condition
Benzene

Trichloroethylene

Dichlorobenzene
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APPENDIX 3. XRD ANALYSIS OF COPPER OXIDE CATALYST
SAMPLES (5 WT.% ON SILICA)

IMPCu

G4Cu4

G4Cu8

G4Cu16
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